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ABSTRACT 
Current and future emission projections for use in large-scale atmospheric models are necessary 
in determining policies or mitigation options that will be implemented to mitigate air pollution 
problem and climate impacts. Nonroad engines and residential combustion contribute a large 
fraction of total pollutants on regional and global scales. However, regional and global emission 
inventories for these two sectors have been previously developed based on simple calculations 
which do not reflect plausible causes of technology choice and evolution of technology in each 
region. This dissertation focuses on emissions in these two categories because the emission 
contributions are relatively large and the methodologies of emission inventory development can 
be significantly improved. 
Global emission inventories of nonroad engines used in agriculture, construction and mining, and 
industry are developed for the period between 2010 and 2050. The SPEW-Trend model, which 
describes vehicle fleets in term of engine types and ages, technology, retirement rates, and high 
emitters (“superemitters”) is used to estimate global emission. Future fuel consumption from a 
macroeconomic model is used to drive engine population in SPEW-Trend to ensure that 
emission estimation is consistent with future greenhouse gas emission scenarios. While other 
regional emission inventories use fleet-averaged emission factors to estimate emission, total 
emission in this study is calculated based on emission factors that relate to engine types, 
technology (emission standard), and engine age.  
Global emission projections of nonroad engines from 2010 to 2050 were developed under four 
future scenarios. Particulate matter (PM), oxides of nitrogen (NOx), and black carbon (BC) 
decrease while carbon monoxide (CO) and hydrocarbon (HC) increase during the projection 
period for all scenarios. Organic carbon (OC), however, shows an increase in emission in one, 
but decreases in other scenarios. In 2050, most of the fuels are used in the cleanest engines 
available in all regions, except in Africa where progress in emission standards is much slower 
than other regions. The fraction of emission from superemitters is large in all regions in 2050, for 
all pollutants except NOx, PM and BC in some regions. These projections are highly sensitive to 
emission factors and retirement rates, and changing gasoline engine population and the year at 
which emission standards are implemented also significantly affect emission.  
 iii 
In the residential sector, major activities that rely on combustion are cooking and heating, and 
fuels ranging from traditional (wood) to modern (natural gas, or electricity) are used. Regions 
with high biomass consumption are included in this study: Asia, Africa, and Latin America. A 
distribution method was developed to apportion national-level residential fuel consumption 
among five land types (urban, electrified rural with forest access, electrified rural without forest 
access, non-electrified rural with forest access, and non-electrified rural without forest access) 
and four major end-uses (cooking, heating, lighting, and others). After assigning technologies in 
for each fuel and land-type, the method yields spatially-distributed emissions of PM, BC, OC, 
NOx, HC, CO, and carbon dioxide.  
Three emission reduction scenarios were studied – cleanest current stove, cookstove standard, 
and fuel switching. An assumption is used people living in forest access areas will continue to 
use wood, so most of the emission change in the fuel switching scenario has the greatest effect in 
areas without forest access. This leads to the conclusion that clean-stove scenarios are more 
likely to yield major emission reduction than the fuel switching scenario. Cleaner stoves 
preferentially affect land types with forest access, where about half of the fuel is used and fuel 
switching is assumed to be ineffective.  
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
Human activities such as fossil fuel burning, deforestation, industrial practices have altered 
emission of several pollutants to the atmosphere since pre-industrial times. These pollutants can 
harm human health and affect the environment both locally and globally. They also create 
regional or hemispheric problems when pollutants cross geopolitical boundaries. Solving these 
problems of “transboundary air pollutants”, generated in one country but affecting others, 
requires international actions and collaboration [Akimoto, 2003; Tuinstra et al., 2006; Fenger, 
2009]. Transboundary air pollutants cause several regional-scale air pollution problems [Bergin 
et al., 2005], including but not limited to 1) acid deposition which damages and destroys aquatic 
and terrestrial ecosystems and manufactured materials; 2) tropospheric ozone which harms 
human health and property and vegetation, and is also a greenhouse gas; 3) particulate matter 
which harms human health, reduces visibility, and changes climate patterns. To effectively 
manage air pollution and evaluating its effects on these large-scale problems, including climate 
change, the relationship between emission and ambient concentration need to be investigated 
[Parrish, 2006; United States Environmental Protection Agency (USEPA), 2012a]. 
Emission inventories (current and future) tabulate the amount of pollutants emitted to the 
atmosphere for a specific time period [Streets et al., 2003; NARSTO, 2005; Ohara et al., 2007]. 
In common practice, most emissions associated with individual sources are estimated using the 
following equation [North America Research Strategy for Tropospheric Ozone (NARSTO), 
2005]: 
Emission rate = emission factor × activity × control factor              (1.1) 
An emission rate is the amount of emission emitted from source per unit time, e.g., kilograms of 
particulate matter (PM) per year. This is the quantity that emission inventories and projections 
usually report. An emission factor is a representative value quantifying the amount of pollutant 
emitted to the atmosphere per activity of a particular source (e.g., kilograms of PM emitted per 
unit of fuel burned). An activity is a measure of the operation that produces emissions (e.g., 
 2 
kilograms of fuel burned per year). The control factor is the fraction of emission reduction in 
that source achieved by an add-on control device or process modification. Altering the emission 
factor to represent a different type of control is another way of representing emission changes. 
Within nations, emission inventories are important inputs for air quality modeling that links 
emission rates and ambient concentrations [Wark et al., 1998; Parrish, 2006]. With these 
models, air quality managers can estimate ambient concentrations and whether those levels are 
harmful for human health and environment. On regional and global scales, emission inventories 
are required for atmospheric chemistry and general circulation models that connect emissions 
and climate change. Emission inventories are also essential inputs for model studies that simulate 
the chemical composition of the earth’s atmosphere [Dentener et al., 2006; NARSTO, 2005; 
Cofala et al., 2007; European Monitoring and Evaluation Programme/European Environmental 
Agency (EMEP/EEA), 2009].  
Current and future emission projections for use in large-scale atmospheric models are the focus 
of this dissertation. These projections are necessary in determining policies or mitigation options 
that will be implemented to mitigate air pollution problem and climate impacts. Global emission 
projections have been estimated by several researchers. Streets et al. [2004] forecasted future 
emissions of carbonaceous aerosols. They used Bond et al. [2004]’s global inventory for the year 
1996 and projected it to the years 2030 and 2050 using four scenarios of IPCC growth rates for 
fuel use by sector and world region. They forecasted the evolution of combustion technology and 
particulate control technology as well as improved technology performance. However, Streets et 
al. [2004] noted that the assumptions of future emission factors and technology splits were rather 
simplistic. Their assumptions were not calibrated against actual or historical technology diffusion 
rates. Cofala et al. [2007] estimated anthropogenic emissions of sulfur dioxide (SO2), oxide of 
nitrogen (NOx), carbon monoxide (CO), carbonaceous particles, and methane (CH4) between 
1990 and 2030. For future projection, emissions were calculated with two assumptions: full 
implementation of present day air quality legislation and global application of currently available 
most advanced emission control technologies. Thus, this study did not consider how emissions 
might actually develop in different regions. The Greenhouse Gas and Air Pollution Interactions 
and Synergies (GAINS) [2013] provided emission projection of all combustion sources. Their 
emissions have usually been estimated by using fuel consumption and averaged emission factor 
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that represents the entire vehicle population in each country. Such emission estimates cannot 
well represent the influence of emission controls and evolution of the technology mix. 
Because of the important role of emission projections on future climate and air quality 
management, improvement in the mechanistic treatment of emission inventories and projections 
is needed [Streets et al., 2003; Ohara et al., 2007; The U.S. Climate Change Science Program, 
2008]. This is particularly true for developing regions, where understanding of emissions is 
limited. The major goal of this dissertation is to improve the representation of the factors 
governing technology change, leading to a more mechanistic explanation of emissions. By 
including regionally specific factors that reflect plausible causes of technology choice and 
evolution of technology in each region, this work will provide a basis for improved future 
emission trajectories.  
1.2 Pollutants of Interest 
In this study, emission inventories of PM, black carbon (BC), organic carbon (OC), CO, carbon 
dioxide (CO2), NOx, and hydrocarbon (HC), which are major pollutants from combustion 
sources [Sher, 1998; Kean et al., 2000; Bond et al., 2004; Maiboom et al., 2008; Wang et al., 
2012], were developed. General properties and effects of these pollutants are discussed below. 
- PM refers to small particles of liquid or solid suspended in the atmosphere. The largest 
anthropogenic source is combustion sources such as internal combustion engines and solid 
fuel combustion [United Kingdom Environmental Protection, 2011; USEPA, 2012b]. Small 
particles less than 2.5 micrometers in diameters contain microscopic solids and liquid 
droplets that can penetrate into lungs or even the bloodstream. Health effects of PM include 
adverse respiratory symptoms, decreased lung function, irregular heartbeat and premature 
death in people with heart or lung disease [Wark et al., 1998; World Health Organization 
(WHO), 2004; WHO, 2011; USEPA, 2012a]. The micron-size particles are also the major 
cause of reducing visibility in many parts of the world [Li et al., 2008; Interagency 
Monitoring of Protected Visual Environments, 2011]. This dissertation reports total PM since 
that pollutant is regulated by current engine emission standards. However, for the two 
sources examined in this dissertation, most of the PM mass is smaller than PM2.5 [Robert et 
al., 2007; Kittelson et al., 2013]. 
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- Carbonaceous PM includes BC and OC. Both of them influence climate through multiple 
mechanisms including direct effects (light absorbing and scattering), semi-direct effects 
(cloud stability and precipitation), and indirect effects (cloud properties and lifetime) 
[USEPA, 2012a]. BC is emitted during combustion when oxygen is insufficient and fuel-air 
mixing is poor. OC refers to substances, often unburned fuel, emitted from incomplete 
combustion. Secondary OC is also formed through oxidation in the atmosphere [Kuhlbusch 
et al., 2009; USEPA, 2012a; Janssen et al., 2012]. While BC is a solid form of mostly pure 
carbon that absorbs and slightly scatter solar radiation at all wavelengths, OC possesses 
radiative properties from light-absorbing to light-scattering [Chen and Bond, 2010; USEPA, 
2012a].  
- NOx includes two nitrogen compounds: nitrogen dioxide and nitric oxide. NOx is generated 
when fuels are burned at high temperatures [United Kingdom Environmental Protection, 
2011; USEPA, 2012c]. The two major sources are transportation and stationary combustion 
engines. NOx can react with other compounds in the atmosphere to form particles which can 
cause or worsen respiratory disease [WHO, 2004; WHO, 2011]. It also contributes to ozone 
formation which causes illness and deaths [Wark et al., 1998; USEPA, 2012c].    
- HC, sometimes divided into methane (CH4) and non-methane hydrocarbons (NMHC), is the 
product of incomplete combustion and fuel evaporation [USEPA, 2012d]. The major 
anthropogenic sources are vehicles and nonroad engines. HC can be combined with NOx in 
the presence of sunlight to create ozone. This pollutant causes irritation and damage to eyes, 
skin and lungs. Some HCs can also cause serious health problem including cancer or death 
[Wark et al., 1998; WHO, 2011; USEPA, 2012d]. The term “HC” will be used for engine 
emission, as per regulations, while CH4 and NMHC are evaluated separately for residential 
because they have differing climate impacts.  
- CO is a colorless, odorless gas from incomplete combustion where there is a deficiency of 
oxygen [United Kingdom Environmental Protection, 2011; USEPA, 2012e]. Vehicles and 
industrial processes are major anthropogenic emission sources of CO. Exposure to CO can 
affect the body’s function because it reduces the oxygen-carrying capacity of the blood.  At 
very high level exposure, CO can cause death [Wark et al., 1998; WHO, 2011; USEPA, 
2012e]. 
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- CO2 is a primary greenhouse gas which is both naturally present in atmosphere as part of the 
Earth’s carbon cycle and emitted from human activities. The major source of anthropogenic 
CO2 is fossil fuel combustion. This anthropogenic emission added excess CO2 to atmosphere 
since the industrial revolution [Tans et al., 1990; Sabine et al., 2004; USEPA, 2012f].  
1.3 Energy Sectors of Interest 
International Energy Agency (IEA) where fuel consumption data is recorded for 138 countries 
was used in this study. The fuel consumption data is available in different flows of fuels such as 
imports, exports, and sector consumption. These sectors, as well as used by previous studies 
[Bond et al., 2004; Streets et al., 2004; Rao et al., 2005; Cofala et al., 2007], include power, 
residential, industrial, and transportation.  
Emission Database for Global Atmospheric Research (EDGAR) [2014] estimated that residential 
sector was a major contributor for global PM (21%) and CO (17%) while it contributed 5-9% of 
global NOx, CO2, and HC in 2005. Nonroad engines are significant emission sources for NOx 
(18%) on a global scale while they contribute less than 5% of PM, CO, CO2, and HC in 2005 
[EDGAR, 2014]. Emission inventory in 2000 [Bond et al. [2004] (Figure 1.1) showed that 
residential sector was a major contribution for global BC (35%) and OC (56%) from energy 
consumption, while nonroad engines contributed 17% for global BC emission in 2000. Figure 
1.1 shows sectoral contribution of BC and OC emissions in Bond et al. [2004]. 
Annual natural emissions are reported in [UN, 2011] as 6000 Mt, 3-3.7 Mt, 33-38 Mt, 54-60 Mt, 
and 46-63 Mt for PM, BC, OC, NOx, and CO. By comparison, nonroad engines are important 
sources of NOx, emitting 46% of the natural value, and nearer populations. Nonroad engines 
emit 13% of the natural value of CO. The residential sector emits 79% and 36% of natural BC 
and OC emission, and three times more emission than natural CO emissions ([EDGAR, 2014]). 
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Figure 1.1 Sectoral contributions to emissions of black and organic carbon emissions [Bond 
et al., 2004]. 
This dissertation focuses on two sectors: nonroad engines and residential sectors where 
contributions of emission are large and the methodologies of emission inventory development 
can be improved.   
1.3.1 Nonroad Engines Used in Industry, Construction and Mining, and Agriculture  
Unlike on-road vehicles where global emission are decreasing, emission from nonroad engines 
increases because there are no regulations to control emission on the horizon in most regions of 
the world [EDGAR, 2014]. As a consequence, emissions from nonroad engines may become an 
important component of global air pollution, and understanding their evolution is important in 
projection. Land-based, nonroad engines are the focus of this study, and these includes both 
stationary and mobile engines. These engines correspond to fuel consumption data recorded in 
IEA [2010a, b] under agriculture and industry sectors which does not include rail and shipping. 
However, there is a complexity of separation between nonroad and on-road engines, and the 
engines themselves can be used interchangeably. For example small trucks are used to transport 
grains, and would be included in on-road fuel statistics.  
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1.3.1.1 Previous Work on Emission Inventories and Projections of Nonroad Engines 
Detailed inventories relying on detailed engine information such as engine population and size, 
usage pattern, and emission characteristics have been accomplished in a few countries (United 
States and some European countries). Samaras and Zierock [1995] calculated emission in 1990 
from nonroad engines used in agriculture, forestry, industry, household, railways, and inland 
waterways in the European Union. They also estimated emission reduction from proposed 
nonroad emission standards. Harvey et al. [2003] estimated total nonroad emission in the United 
States in 1999 by using the draft NONROAD2002 model. In both studies, engine population, age 
distribution, rated power, and activity data are estimated from interpolation of local databases. 
These studies also required annual usage data, such as hours of operation. The emission 
projections calculated from this method are based on regional factors which represent technology 
progression in engine fleets. This method is suitable for countries and regions where detailed 
data are available. However, fleet information which is required for this activity-based method is 
usually not available in many regions of the world. This lack of data makes development of 
global current and future emission inventory for non-road engines far more difficult than in the 
on-road transportation sector. 
Kean et al. [2000] avoided the difficulty in quantifying the usage parameters in the activity-
based method by using fuel consumption data and fleet-average emission factors to estimate 
nonroad emissions in the United States in 1996. This use of averaged emission factors does not 
need detailed information on progress in engine technology, but it also does not reflect 
improvement in the fleet as cleaner engines are introduced. GAINS [2013] model used a fuel-
based method to estimate global emission from nonroad engines. GAINS identifies future 
technology choices based on the cost-effectiveness of emission control strategies required to 
meet regulations. This approach is appropriate for large emission sources such as electrical 
power plants, but the GAINS method currently does not account for technologies of individual 
engines in the fleet. It applies control measures to the whole fleet as the fleet average technology. 
Nonroad engines, however, have many change drivers other than cost optimization. 
Implementation of new technologies and changes in the engine fleet are often described by 
individual choices regarding retirement. These previous studies lack the ability to select new 
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technologies to the fleet, retire old ones, and project emissions based on the emission factors 
associated with each technology grouping. 
1.3.1.2 Research Goals for Nonroad Engine Sector 
In this dissertation, changes in engine fleet, including incoming of new technology engines and 
retiring of in-use engines, are modeled for major world regions. For each engine technology, an 
appropriate emission factor that increases with engine age is applied. This method uses modeled 
engine fleet to determine emission levels, which is appropriate for nonroad engine because 
owner choices determine how long each engine lasts. This method improves on previous regional 
emission estimation using averaged emission factors which are assumed to be constant for each 
technology regarding engine usage and age.  
This work also provides air pollutant emission projections that are consistent with projections of 
the global economic situation and greenhouse gas emissions (as in the Special Report on 
Emission Scenarios (SRES) [Nakicenovic et al., 2000; Inter Governmental Panel on Climate 
Change (IPCC), 2001]). In the end, I provide sensitivity analyses that indicate how emissions are 
sensitive to selected factors used in the fleet model. Such an analysis has not been accomplished 
on either a regional or global scale. 
1.3.2 Cooking and Heating in Residential Sector 
The residential sector contributes almost 50% of BC and more than 70% OC emission of energy-
related combustion sources globally (Figure 1.1). This sector also contributes a large fraction of 
emitted PM, CO, CO2, NOx, and HC on a global scale. In this sector, major activities that 
generate emissions include cooking, heating, and lighting. Several fuels or energy carriers such 
as wood, kerosene, natural gas, or electricity are commonly used. Direct air pollutant emissions 
from this sector are low when natural gas or electricity is the dominant energy sources, as is the 
case in developed countries. However, in developing countries, people may rely on solid fuels 
and this sector can contribute a large fraction of emissions. 
To calculate emission, it is important to know what fuels are used and how people use them 
because emissions depend on fuels and device type [Ballard-Tremeer and Jawurek, 1996; Roden 
et al., 2009]. This creates difficulty in emission calculation: emissions depend on not only what 
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fuels people use, but also what stove technologies are used with each type of fuel. Figure 1.2 
shows emission factors of PM of fuelwood (open fire and improved stove), kerosene, and 
Liquefied Petroleum Gas (LPG) used for cooking.  
 
Figure 1.2 Particulate matter emission factors for different cooking fuels (wood with open 
fire and improved stove, kerosene, and LPG) [Bond et al., 2011 for wood; Streets et al., 2000 
for Kerosene and LPG]. 
Exposure to smoke from residential use of solid fuels contributes to chronic illnesses and acute 
health impacts such as early childhood pneumonia, emphysema, cataracts, lung cancer, 
bronchitis, cardiovascular disease, and low birth weight. The 2.1 million premature deaths 
annually [Rao et al., 2012] are concentrated among women and children in poorer households 
and rural populations, and have recently put preventive measures high on the agenda of 
international development and public health organizations [Baumgartner et al., 2011; Yu, 2011; 
Oguntoke et al., 2012]. 
Although the impacts may be severe, users at subsistence level are not expected to ameliorate 
them on their own. Thus, there has been attention from organizations that provide support to 
reduce negative impacts. Examples of current initiatives include the Global Alliance for Clean 
Cookstoves [UN Foundation, 2013], which has set a goal of using clean and efficient stoves and 
fuels in an additional 100 million homes by 2020, and the World Bank [2013], which provides 
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about $8 billion a year in financing to boost access to electricity, clean fuels, renewable energy, 
and energy efficiency.  
Two basic approaches to achieving improvement are better stoves and cleaner fuels [Goldemberg 
et al., 2004; Bazilian et al., 2011; Foell et al., 2011; Lewis and Pattanayak, 2012; Pachauri et 
al., 2013]: Since the 1980s, more efficient stoves have been introduced in China, India, and other 
parts of the world [Lu, 1993; Edwards et al., 2004; Kumar et al., 2013]. The primary goals of 
these early programs were to reduce deforestation, and improving health was a focus in later 
years [Boy et al., 2000; Edwards et al., 2004; Smith et al., 2007; Romieu et al., 2009]. One of the 
most successful stove programs has been the “Chinese National Improved Stove” program, 
which introduced approximately 129 million improved biomass cookstoves into rural areas 
during 1982-1992, of which more than 100 million stoves are still in use [Smith et al., 1993; 
Kumar et al.; 2013]  
Another approach to reducing the negative impacts of household energy is making cleaner, 
higher-efficiency fuels more accessible through subsidies or reduced fuel price. The factors that 
affect fuel switching are not fully understood. Even when LPG is subsidized, it usually does not 
replace fuelwood completely [Masera et al., 2000]. Fuelwood is still used to cook some foods 
for both practical and cultural reasons. Fuel switching is triggered by a range of changes 
associated with development, urbanization, electrification, and education to some extent 
[Heltberg, 2004]. Fuel choice and consumption decisions are also sensitive to fuel access and 
energy prices [Barnes et al., 2005].  
1.3.2.1 Previous Work on Emission Inventories of Residential Sector 
Several studies have inferred total emissions or benefits of intervention programs on large scales 
by combining measured emission factors and efficiencies. Bhattacharya and Salam [2002] 
estimated that switching to biofuel, biogas, and gasifier stoves could provide 38-61% greenhouse 
gas emission reduction compared with traditional stoves used in Asian countries. GAINS [2011] 
provides an estimation of country-level emissions for present day until 2030. Grieshop et al. 
[2011] found that kerosene and LPG stoves would provide greater benefit, followed by improved 
stoves with fans, to indoor health and climate than traditional stoves. United Nations 
Environment Programme (UNEP) [2011] estimated that reducing black carbon through 
 11 
improved biomass stoves or switching to cleaner-burning fuels delivers one of the greatest health 
and near-term climate benefits, compared with improving transportation, banning open burning 
of agricultural waste, or providing modern brick kilns and coke ovens. IEA [2010] estimated 
energy consumption reduction in a scenario called “Universal Modern Energy Access”, in which 
universal access to cleaner fuels occurred by 2030. The Global Energy Assessment [Raihi et al., 
2011] also suggested that final energy consumption would be significantly reduced with a shift 
from biomass to LPG, while greenhouse gas emission would either remain constant or increase.  
International Energy Agency (IEA) [2010] and the Global Energy Assessment [Riahi et al., 
2011] estimated that investment of $36 billion and $17.3 - $22.1 per year would be required, 
additional to IEA’s reference scenario in order to provide 100% universal access to clean 
cooking facilities , including LPG stoves, biogas system or advanced biomass cookstoves in 
2030 [Foell et al., 2011]. To achieve the same target, Pachauri et al. [2013] estimated that $65-
86 billion per year until 2030 with dedicated policies need to be provided.   
Although the effects of cleaner stoves, emission reduction policies, and fuel switching have been 
investigated, other considerations related to feasibility have been neglected. Estimates of 
emissions and mitigation potential often rely on national aggregate data, not considering factors 
that vary between nations or within the nation. 
1.3.2.2 Research Goals for Residential Sector 
Household surveys indicate that household energy consumption pattern and fuel selection in the 
residential sector depends on local factors such as area of residence, availability of fuel in the 
area, income and education of people in the household [Barnes et al., 2005; Pachauri and Jiang, 
2008]. Ideally, emission inventories and projections of plausible interventions to reduce 
emissions would predict fuel and technology choice based on all these factors. However, the 
theory describing residential fuel choice in developing countries, where most emissions occur, is 
not yet mature enough to support such calculations. The work presented here takes a step toward 
exploring potential changes in emissions with constraints on plausibility guided by the spatial 
distribution of users and resources. It considers the appropriateness of cleaner stoves for the wide 
variety of residential end-uses, and the likelihood of users to adopt better fuels based on their 
proximity to free fuels. 
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1.4 Summary of Dissertation Scope 
This dissertation focuses on improving the estimation of emission from nonroad engines and 
residential sector. Work conducted during the dissertation period also provides an improved 
estimate of emission factors for on-road engines. The scope of this work is summarized below. 
1.4.1 Nonroad Engine Sector 
The nonroad work estimates emissions of primary PM, BC, OC, NOx, CO, CO2, and HC which 
are directly emitted from engines.  
The estimation time scale is from year 2010 to 2050. Global emission projections in this study 
are calculated for the world, divided into 17 regions: Canada, United States, Central America, 
South America, Northern Africa, Western Africa, Eastern Africa, Southern Africa, Organization 
for Economic Co-operation and Development (OECD) Europe, Eastern Europe, Former Union 
of Soviet Socialist Republics (USSR), Middle East, South Asia, East Asia, South East Asia, 
Oceania, and Japan. The description of each region can be found in Appendix A.  
1.4.2 Emission Factors for On-road and Nonroad Engines 
A collection of fuel-based emission factors is required which can be used in engine population 
model to estimation emission of nonroad engines and on-road vehicles. The emission factors 
needed are new engine emission factors, emission factor change with age, and emission factors 
of superemitters (discussed in Chapter 3).  
Pollutants includes PM, BC, OC, CO, CO2, NOx, HC for nonroad engines which will be used in 
engine population model to estimate nonroad emission in Chapter 4. For on-road vehicles, I 
include PM since it is developed in collaboration with Fang Yan, whose work focused on on-
road vehicles (cars and trucks) [Yan et al., 2011]. Figure 1.3 illustrates the division of labor 
among the two separate studies. 
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Figure 1.3 Division of contributions between on-road and non-road vehicle studies.  
1.4.3 Residential Sector 
This work focuses on present-day emissions from the residential sector. High emissions of air 
pollutants are primarily caused by incomplete combustion of solid fuel including wood, 
agricultural waste, dung, and coal [Bond et al., 2004; EDGAR, 2012; GAINS, 2013]. I therefore 
focus on regions where solid biomass fuel provides more than 50% of total residential energy: 
Latin America, Africa, and Asia. These regions account for 92% of global consumption of 
biomass in the residential sector and include most of the locations where the selection of 
residential fuels is driven by necessity rather than preference. I place special emphasis on two 
factors that affect fuel and technology choice in the residential sector: end-uses (cooking, 
heating, lighting, and others) and spatial constraints. I investigate emission mitigation in two 
basic approaches to achieving improvement: better stoves and cleaner fuels. Emissions described 
here are PM, BC, OC, CO, CO2, NOx, CH4, and NMHC that are directly emitted from 
combustion sources.  
Nonroad Engines Onroad Vehicles
Emission Factors Emission Factors
Degradation Rates Degradation Rates
Engine Activity Engine Activity
Retirement Rate Retirement Rate
Population Model Population Model
Estimation of Superemitters Estimation of Superemitters
Emission Inventory Emission Inventory
Diesel Emission Standard Adoption Diesel Emission Standard Adoption
Gasoline Emission Standard Adoption Gasoline Emission Standard Adoption
Uncertainty Analysis Uncertainty Analysis
= Included in this wotk
= Included in Fang Yan's work
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1.5 Structure of This Dissertation 
This dissertation includes six chapters. The research objectives are described in Chapter 2. In 
Chapter 3, the development of emission factors for historical and future engines (including 
superemitters) and emission degradation rates for aging engines are discussed. Emission 
recommendations are developed for exhaust emissions of on-road and nonroad gasoline and 
diesel engines. 
In Chapter 4, I describe emission modeling for nonroad engine emission inventory development. 
The fleet model (Speciated Pollutant Emission Wizard Trend model or SPEW-Trend) will be 
introduced. The model parameters are discussed: growth, engine classification and usage, 
retirement, emission standards, emission factors and degradation rates, and fraction of engines 
with extremely high emission factors (“superemitters”). Model results of global PM and gaseous 
emissions from 2010 to 2050 are predicted along with uncertainties.  
Chapter 5 presents an emission inventory for the residential sector. Local factors that affect the 
availability of fuels and stoves are discussed: availability of fuelwood and electricity in the 
different area in the countries. Then, I describe the methodology of using Geographic 
Information System (GIS) maps to separate total population in each country to population 
associated with local factors identified. The gridded current emissions are developed and the 
results of plausible emission reduction from mitigation scenarios are estimated.  
The conclusions of this study will be discussed in Chapter 6 along with recommendations for 
future research.  
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CHAPTER 2 
RESEARCH OBJECTIVES AND INNOVATIVE CONTRIBUTIONS 
Objective 1: Modeling of Current and Future (2010-2050) Global Emission from 
Land-based Nonroad Engines 
Engine emissions depend on the types of engines in use, so that the rate of emission change 
depends on engine lifetimes and longevity as well as technology improvements introduced to the 
fleet. Current global emission projections have assumed a rate of emission change without regard 
to vehicle populations or historical preferences. 
Objective 1a: Develop Relationships to link Macroeconomic Model Projections with Fuel 
Consumption by Nonroad Engines  
Current and future fuel consumption from IEA and economic models, respectively, are recorded 
and modeled in five sectors: industry, transport, residential, service, and others. Fuel 
consumption of nonroad engines, the focus of this study, is subsumed in industry and other 
sectors. Methods to separate nonroad fuel consumption from these sources are needed. For 
example, diesel fuel consumption of nonroad engines and boilers have very different emission 
factors, but the macroeconomic models that project future fuel consumption lump them into a 
single sector. To create projections of emitted air-quality pollutants that are consistent with fuel-
use projections, a method of estimating the fraction of industrial fuel used in engines and 
agriculture fuel consumption in other sector is required. This is done separately for both gasoline 
and diesel fuels for agricultural and forestry, industry, and construction and mining because they 
have different profiles. 
Innovative contribution: Providing global fuel consumption of nonroad engines used in 
agriculture and forestry, industry, and construction. Regional fuel consumption estimates do not 
provide separation between nonroad engines and other sources, required for accurate emission 
inventories because emission factors are very different. 
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Objective 1b: Develop a Model of Global Nonroad Engine Population Based on Regional Scale 
Factors that Affect Engine Characteristics   
Only a few projections at regional or national scale have used engine population models to 
represent emission-related characteristics of the engine fleet. In this work, I developed the first 
model of emissions from nonroad engines that is both global in scope and based on an engine 
population model. This model requires estimation of factors that affect the types and quantities 
of engines in use, including fuel consumption, vehicle retirement, and new emission standards. 
Global emission projections for nonroad engines were calculated by applying a newly developed 
set of emission factors (Objective 3) to fuel consumption in the engine fleet model. 
Innovative contribution: Developing relationships on a regional scale that allow 
macroeconomic models, which predict socioeconomic conditions and fuel consumptions, to link 
with an engine population model of nonroad engines. This population model can provide 
information about incoming new technologies, retiring in-use engines, and engine ages which are 
crucial information of emission estimation of nonroad engines. Previous works lack 
consideration of these relationships in the regional scale -- improvement of emission was based 
only on improvement in emission factors, not lifetime and usage of the engines.  
Objective 1c: Determine Sensitivities of Factors in Emission Projections for Nonroad Engines 
Several input parameters such as fuel consumption, engine size, annual usage data, are required 
in engine population model and emission factor development. However, regionally specific 
observations are very limited or not available, especially in developing countries. This lack of 
information means that current and future projections contain significant uncertainties. In this 
part of the study, I explored sensitivities of factors used in emission projection development. 
This analysis provides the first sensitivity results of regional factors used in nonroad emission 
projections. 
Innovative contribution: Providing sensitivities to selected parameters used in nonroad 
engine emission estimation. Previous studies have been deterministic and have not provided 
sensitivities to parameters used in estimation. 
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Objective 2: Estimate Potential Reduction in Residential Emission 
Residential emissions depend on the types of fuels and stoves, so that emission changes depend 
on the introduction of cleaner fuels and higher efficiency stoves. Unlike other combustion 
sources where emissions are often controlled by emission standards, there is no regulation to 
control emissions from residential sector in many parts of the world. Current global emission 
projections assume that cleaner fuels and higher efficiency stoves will be used in the residential 
sector in the future, without consideration of their availability. 
Objective 2a: Develop Spatial Classification to Identify Population with Access to Feasible 
Interventions  
Different types of fuels and stoves are used in different parts of the world, and even in different 
regions within a country. Emissions from using these fuels and stoves are largely different so that 
the determination of fuel usage in each area is an important step in emission calculation. The 
selection of fuels and stoves depends on several factors including the availability of resources in 
the area. In this study, global GIS maps were used to estimate spatially-resolved usage of fuels 
and stoves. Information on where people live and what fuels are available in the area is used to 
estimate number of people with access to different quality of fuels. The availability of electricity 
and fuelwood was also identified for each area. 
Innovative contribution: Providing spatial distribution of population in urban and rural 
area with and without forest and electricity access. This spatial distribution map provides 
information of what fuels and improvements should be available in the area. No such map has 
been previously available. 
Objective 2b: Develop Spatial Distribution of Residential Emission based on National Fuel 
Allocation in Different Land Types  
Previous residential emission estimates have assumed that fuels are distributed equally 
throughout each country, or at best, divided between urban and rural locations. They have 
assumed that all stoves are the same throughout the country. I developed a method of 
apportioning reported national fuel use among various land types and end-uses. By estimating 
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fuels and combustion devices available for use in each location and applying appropriate 
emission factors for each one, I developed a spatial distribution of emissions. 
Innovative contribution: Providing spatial distribution of emission from residential 
sector developed based on population, resource availability, and end-use. Previous studies used 
urban/rural division to distribute emission, but did not include local factors such as availability of 
fuelwood and electricity in the area.  
Objective 2c: Estimate Emission Reduction from Fuel and Stove Scenarios 
Although the effects of cleaner stoves and cleaner fuels to reduce residential emission have been 
investigated in previous studies, mitigation scenarios have estimated reductions by applying a 
blanket intervention to the entire sector. Estimates of mitigation potentials have relied on 
national aggregate data, not considering factors that vary among and within the countries. I 
explored potential changes in emissions with constraints on plausibility guided by the spatial 
distribution of users and resources. I investigated three scenarios: using the cleanest available 
stove that will function in the region; converting all stoves to hypothetical stoves that meet 
emission standards, and using the cleanest plausible fuel.  
Innovative contribution: Estimating current emission reduction based on distribution of 
resources under several plausible assumptions. Previous mitigation scenarios have assumed 
improvement in fuels and stoves, but did not consider limitations in the surrounding resources or 
in user behavior. 
Objective 3 Develop Emission Factors for On-road and Nonroad Engines 
Nonroad (Objective 1) and on-road transportation emission projections both use a vehicle 
population model. On regional scales, existing projection models use fleet-average emission 
factors for each vehicle technology for both types of engines. Frequently, these models use the 
limit specified by the emission standard as the actual emission rate, but this practice can either 
over-estimate (when technologies have been recently introduced to the fleet) or under-estimate 
emissions (when engine get old). On-road vehicles and nonroad engines, however, have more 
committed and planned emission standards in some countries so that emission factors can be 
easily linked to emission standards in most regions. In this work, I used laboratory tests and other 
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measurement information to recommend emission factors for current and planned engine 
technologies that are consistent with measured data.  
Innovative contribution: Providing emission factors of new engines and degradation 
rates of engines with ages as well as emission factors of superemitters. This contribution makes it 
possible to represent changes in a diverse fleet of aging vehicles, improving upon previous 
regional-scale emission estimates use fleet-average emission factors or emission levels 
conforming to engine standards.  
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CHAPTER 3 
EMISSION FACTORS FOR ON-ROAD AND NONROAD ENGINES 
3.1 Overview 
Emission factors are used in the emission inventory for on-road vehicles and nonroad engines. 
Current emission inventories such as GAINS [2014], EMEP/EEA [2009] usually use fleet-
average emission factors and specified emission standards as emission rate. This practice is not 
suitable for engine emission modeling because it does not represent lower emission when 
engines are now and higher emission when engines get old. I used laboratory tests and other 
measurement information to recommend emission factors of new engines, aged engines, and 
superemitters for current and planned engine technologies by linking with current and future 
emission standards. 
Vehicle emission standards have been either implemented or planned for implementation in most 
countries. Emission standards in the U.S. and Europe are termed Tier I, Tier II, etc. and Euro I, 
Euro II, etc., respectively. The higher the number after “Tier” or “Euro”, the lower the allowable 
emissions from vehicles are.  For gasoline engines, emission standards are termed Phase I, Phase 
II, etc. The higher the number after “Tier”, “Stage”, or “Phase”, the lower the allowable emission 
from vehicles. Other countries either follow the U.S. or European standards (e.g. Canada follows 
Tier standards, China follows Euro/Stage standards). Thus, these two emission standards can 
represent most emission standards in the world. In this work, emission factors are developed for 
the U.S. and European standards for engines built to each standard and for superemitters.  
3.2 Emission Factor Development Approach 
Table 3.1 outlines the tasks in emission factor development. In this work, emission factors of 
new engines, aged engines, and superemitters are developed which cover all types of emission in 
total engine fleet. 
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Table 3.1 Objectives and tasks of on-road vehicle and nonroad engine emission factor 
development. 
Objective Task 
3. Develop Emission Factors 
for Gasoline and Diesel On-
road and Nonroad Engines 
3(i). Emission factors for new engines  
 
3(ii). Emission factor change with age 
 
3(iii). Emission factors for superemitters 
 
 
3.3 Recommended Emission Factors  
New engine emission factors, degradation rates, and superemitter emission factors corresponding 
to the two common emission standards (U.S. and Europe) are estimated. The detailed discussion 
of development methods is given in following sections of this chapter. 
Objective 3, Develop Emission Factors for Gasoline and Diesel On-road and 
Nonroad Engines 
Task 3(i): Emission Factors for New Engines  
Emission factors can have two different units: mass-based (e.g. grams of pollutant per kilogram 
of fuel consumed), power-based emission factors (e.g. grams of pollutant per power output), or 
service-based emission factors (e.g. grams of pollutant per kilometer driven). As global energy 
projections are usually given in terms of fuel mass, I use mass-based emission factors. In this 
Chapter, emission factors of PM, NOx, CO, and HC, which are regulated pollutants in on-road 
and nonroad emission standards are discussed. Estimation of emission factors for the non-
regulated pollutants BC, OC, and CO2 for nonroad engines, required for the emission inventory 
development in Chapter 3, is provided in Appendix B.  
Actual emission rates may differ from prescribed standards. However, there may be insufficient 
measurements to predict emission factors for vehicles built to very new or forthcoming 
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standards. Ntziachristos and Samaras [2001] introduced the concept of the reduction factor. 
Rather than assuming that vehicles conform to the prescribed emission standard, they assumed 
that the ratio between two standards represents an achievable reduction. Future emission factors 
in g/kg-fuel can be calculated from the following equation:  
EF𝑥 = (
ESx
ESSTD 1
) EFSTD 1                                                  (3.1) 
where ES is Emission Standard of Tier x, Euro x, Stage x, or Phase x in g/kWh or g/km, ESSTD 1 is 
a Tier 1, Euro 1, Stage 1, or Phase 1 emission standard, and EFSTD 1 is emission factors from Tier 
1, Euro 1, Stage 1, or Phase 1 engines in g/kg-fuel. The advantage of calculating future emission 
from Equation (3.1) is the ability to incorporate measured emission factors, which may differ 
from the actual standard. Emission factors for higher standard engines are calculated from 
Equation (3.1) because there is no measured emission data available. This new engine emission 
factors are lower than their corresponding emission standard levels. As engines age, emissions 
will degrade. The degradation rate is discussed in the following section.  
Emission of BC and OC is not regulated by emission standards. Thus, BC and OC emission 
factors cannot be calculated by Equation (3.1). In this study, I calculated ratios between BC (and 
OC) and PM from on-road vehicle emission measurement and applied these ratios to PM 
emission factors of nonroad engines. Methods and ratios for BC and OC emission factor 
estimation are presented in Appendix B and emission factors of BC and OC are summarized in 
Table 3.4-3.6.  
On-road Vehicles 
I define new vehicles as those with low mileage according to the definition of Ubanwa et al. 
[2003] (less than 40,000 km for gasoline and less than 80,500 km for diesel vehicles). Although 
many studies provide measured vehicle emission factors, I chose studies that provided odometer 
readings.  
Baseline emission factors for U.S. and European standards are based on measurements in the 
appropriate region. For Light Duty Gasoline Vehicles (LDGV), I averaged emission 
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measurements for eight vehicles reported in Maricq et al. [1999] as 0.01 g/kg-fuel for Tier I and 
Euro I. Emission factors for new Light Duty Diesel Vehicles (LDDV) are 1.3 g/kg-fuel 
[Ntziachristos and Samaras, 2001] for Euro I, and averaged from three vehicles as 0.9 g/kg-fuel 
[Ubanwa et al., 2003] for Tier I. For Heavy Duty Diesel Vehicles (HDDV), I averaged emission 
factors as 1.7 g/kg-fuel from data reported by EMAP/EEA [2009] for Euro I, and as 1.3 g/kg-fuel 
from 12 emission data points reported in Yanowitz et al. [2000] for 1988 U.S. standard. 
I apply Equation (3.1) and baseline emission factors to calculate emission factors for most types 
of vehicles except LDGV, which do not have an emission standard for PM in either the U.S. or 
Europe. I assumed that the baseline emission factor (0.01 g/kg-fuel) of a gasoline vehicle applies 
to all the tighter gasoline emission standards (all Tier IIs and Euro II-Euro VI). Another 
exception is the case of HDDV in the U.S.; for those, I produced averaged emission factors as 
1.3 g/kg-fuel (28 samples), 0.7 g/kg-fuel (6 samples), 0.8 g/kg-fuel (20 samples), 0.6 g/kg-fuel 
(31 samples) for 1991, 1993, 1994, and 1996 standards, respectively, by using emission data 
from low-mileage vehicles reported in Yanowitz et al. [2000]. 
I rely on measurements for vehicles built without standards or for pre-baseline standards. I chose 
0.05 g/kg-fuel reported from testing of 659 vehicles in Ubanwa et al. [2003] for pre-baseline 
gasoline vehicles. For LDDV, I use 1.5 g/kg-fuel, the average of more than 50 vehicles from 
Ntziachristos and Samaras [2001] and Ubanwa et al. [2003] for early regulations. I averaged the 
emission factors of more than 26 HDDV from Yanowitz et al. [2000] and EMEP/EEA [2009] and 
use 2.9 g/kg-fuel for early regulation vehicles. 
Finally, these measured values reflect vehicles built to some regulation, but I need emission 
estimates for vehicles without any regulation. I assume that emission factors before regulation 
are greater than those for early regulation by the same factor as between early regulation and 
baseline emission (Euro I or Tier I). Estimates of emission factors for vehicles without standards 
are 1.9 and 4.2 g/kg-fuel for LDDV and HDDV, respectively.   
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Table 3.2 Degradation rate and highest emission factors for the U.S. standards. 
Emission 
Standards 
New Engine 
Emission 
Factors  
(g/kg-fuel) 
Degradation 
Rate  
(g/kg-fuel/yr) 
Year that 
Emission start 
increasing/ 
stabilized (yr) 
Highest Emission 
Factors in g/kg-fuel 
[g/km or g/bhp-hr] 
Emission 
Standards 
(g/km or 
g/bhp-hr) 
Light-duty gasoline 
No regulation 0.05 0.04 1/11 0.45 - 
Opacity 0.05 0.04 1/11 0.45 - 
Tier I 0.01 0.005 1/11 0.06 [0.003
1
] - 
Tier II – 2004 0.01 0.005 1/11 0.06 [0.0031] - 
Tier II – 2006 0.01 0.005 1/11 0.06 [0.0031] - 
Tier II – 2007 0.01 0.005 1/11 0.06 [0.0031] - 
Old-engine 
Superemitter 3.2 - - 3.2 - 
New-engine 
Superemitter 0.3 - - 0.3 - 
Light-duty diesel 
No regulation 1.9 0.36 2/11 5.1 - 
Opacity 1.5 0.29 2/11 4.1 - 
Tier I 0.9 0.05 2/11 1.4 [0.12
1
] 0.08
1 
Tier II – 2004 0.8 0.04 2/11 1.2 [0.101] 0.071 
Tier II – 2006 0.4 0.02 2/11 0.6 [0.041] 0.031 
Tier II – 2007 0.1 0.01 2/11 0.2 [0.021] 0.011 
Old-engine 
Superemitter 8.3 - - 8.3 - 
New-engine 
Superemitter 2.9 - - 2.9 - 
Heavy-duty diesel 
No regulation 4.2 0.25 2/13 7.0 - 
Opacity 2.9 0.16 2/13 4.7 - 
1988 1.3 0.08 2/13 2.2 [0.41
2
] 0.60
2 
1991 1.3 0.05 2/9 1.7 [0.31
2
] 0.25
2 
1993 0.7 0.11 2/9 1.5 [0.28
2
] 0.18
2 
1994 0.8 0.29 2/8 2.5 [0.48
2
] 0.09
2 
1996 0.6 0.31 2/8 2.5 [0.46
2
] 0.08
2 
1998 0.2 0.11 2/8 0.9 [0.12
2
] 0.08
2 
2004 0.2 0.11 2/8 0.9 [0.12
2
] 0.08
2 
2007 0.02 0.01 2/8 0.1 [0.02
2
] 0.01
2 
Old-engine 
Superemitter 8.3 - - 8.3 - 
New-engine 
Superemitter 2.9 - - 2.9 - 
1 Emission in g/km 
2 Emission in g/bhp-hr 
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Table 3.3 Degradation rate and highest emission factors for European standards. 
Emission 
Standards 
New Engine 
Emission 
Factors  
(g/kg-fuel) 
Degradation 
Rate  
(g/kg-fuel/yr) 
Year that 
Emission start 
increasing/ 
stabilized (yr) 
Highest Emission 
Factors in g/kg-fuel 
[g/km or g/kWh] 
Emission 
Standards 
(g/km or 
g/kWh) 
Light-duty gasoline 
No regulation 0.05 0.04 1/11 0.45 - 
Opacity 0.05 0.04 1/11 0.45 - 
Euro I 0.01 0.005 1/11 0.06 [0.003
1
] - 
Euro II 0.01 0.005 1/11 0.06 [0.003
1
] - 
Euro III 0.01 0.005 1/11 0.06 [0.003
1
] - 
Euro IV 0.01 0.005 1/11 0.06 [0.003
1
] - 
Euro V 0.01 0.005 1/11 0.06 [0.003
1
] - 
Euro VI 0.01 0.005 1/11 0.06 [0.003
1
] - 
Old-engine 
Superemitter 3.2 - - 3.2 - 
New-engine 
Superemitter 0.3 - - 0.3 - 
Light-duty diesel 
No regulation 1.9 0.36 2/11 5.1 - 
Opacity 1.5 0.29 2/11 4.1 - 
Euro I 1.3 0.25 2/11 3.6 [0.33
1
] 0.18
1 
Euro II 0.8 0.04 2/11 1.2 [0.11
1
] 0.11
1 
Euro III 0.5 0.03 2/11 0.8 [0.07
1
] 0.07
1 
Euro IV 0.3 0.02 2/11 0.4 [0.04
1
] 0.04
1 
Euro V 0.04 0.01 2/11 0.1 [0.01
1
] 0.005
1 
Euro VI 0.05 0.01 2/11 0.1 [0.01
1
] 0.005
1 
Old-engine 
Superemitter 8.3 - - 8.3 - 
New-engine 
Superemitter 2.9 - - 2.9 - 
Heavy duty diesel 
No regulation 4.2 0.25 2/13 7.0 - 
Opacity 2.9 0.16 2/13 4.7 - 
Euro I 1.7 0.22 2/9 3.2 [0.32
2
] 0.36
2 
Euro II 0.7 0.36 2/8 2.9 [0.29
2
] 0.15
2 
Euro III 0.5 0.26 2/8 2.1 [0.19
2
] 0.10
2 
Euro IV 0.1 0.05 2/8 0.4 [0.04
2
] 0.02
2 
Euro V 0.1 0.05 2/8 0.4 [0.04
2
] 0.02
2 
Euro VI 0.06 0.03 2/8 0.2 [0.02
2
] 0.01
2
 
Old-engine 
Superemitter 8.3 - - 8.3 - 
New-engine 
Superemitter 2.9 - - 2.9 - 
 1 Emission in g/km 
 2 Emission in g/kWh 
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Nonroad Diesel Engines 
I averaged emission factors corresponding to emission standards and engine sizes (discuss in 
Task 1b(iii) in Chapter 4). For engines without standards, emission factors were averaged from 
EMEP/EEA [2009] and USEPA [2010b]. Emission factors of Tier 1 and Stage 1 engines were 
from USEPA [2010b]. Large engines have the lowest pollutant emissions on a fuel-burned basis, 
and small engines the greatest. Diesel engine emission factors used in this study are summarized 
in Table 3.4 for the U.S. and European standards. 
Nonroad Gasoline Engines 
USEPA [2012] provided emissions of new engines for all emission standards, but only emissions 
for engines not built to a standard are from actual measurement. I used no standard (measured) 
and Phase 1 (estimated) emission factors from USEPA [2012] and used equation (3.1) to estimate 
Phase 2 emission factors (for 2-stroke and high power 4-stroke engines) and Phase 2 and Phase 3 
emission factors for low power 4-stroke engines. There is no emission standard for gasoline PM. 
USEPA [2012] assumed that there is no reduction in PM emissions. However, Coordinating 
Research Council (CRC) [1998] measured PM emissions from gasoline light duty vehicles and 
found that there is PM emission reduction with tightened standards. In this study, I assumed that 
reduction in PM emissions is equal to the reduction of HC emissions, for which both PM and HC 
show the same reduction based on measurement data reported in CRC [1998]. Gasoline engine 
emission factors used in this study are summarized in Table 3.5.  
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Table 3.4 New engine emission factors for diesel U.S. and European standard (highlighted cells show the same emission factors 
between two emission standards due to the same reduction of emission levels between two standards). 
Engine 
Size 
Type 
Emission 
level 
New Engine Emission Factors (g/kg-fuel) 
Type 
Emission 
level 
New Engine Emission Factors (g/kg-fuel) 
CO HC NOx PM OC BC CO HC NOx PM OC BC 
Small 
Engine 
U
.S
. 
E
m
is
si
o
n
 F
ac
to
rs
 
Tier 0 36.39 12.66 48.65 7.30 1.209 3.156 
E
u
ro
p
ea
n
 E
m
is
si
o
n
 F
ac
to
rs
 
Stage 0 36.39 12.66 48.65 7.30 1.209 3.156 
Tier 1 23.49 3.76 23.11 2.25 0.372 0.972 Stage 1 23.49 3.76 23.11 2.25 0.372 0.972 
Tier 2 23.49 3.27 21.59 2.00 0.331 0.864 Stage 2 23.49 3.76 23.11 2.25 0.372 0.972 
Tier 3 23.49 3.27 21.59 2.00 0.331 0.864 Stage 3A 23.49 3.76 23.11 2.25 0.372 0.972 
Tier 4a 15.20 2.57 23.75 0.79 0.130 0.578 Stage 3B 15.20 2.95 25.42 1.77 0.293 0.764 
Tier 4b 15.20 2.57 23.75 0.79 0.130 0.578 Stage 4 15.20 2.95 25.42 1.77 0.293 0.764 
Super1 91.60 15.03 41.60 9.89 1.638 4.277 Super1 91.60 15.03 41.60 9.89 1.638 4.277 
Super2 32.88 4.89 43.91 3.60 0.596 1.555 Super2 32.88 4.89 43.91 3.60 0.596 1.555 
Medium 
Engine 
Tier 0 25.47 8.29 45.67 5.22 0.864 2.257 Stage 0 25.47 8.29 45.67 5.22 0.864 2.257 
Tier 1 15.26 2.93 27.16 2.76 0.457 1.192 Stage 1 15.26 2.93 27.16 2.76 0.457 1.192 
Tier 2 14.33 2.38 27.16 1.49 0.247 0.646 Stage 2 13.71 2.93 20.67 1.78 0.295 0.769 
Tier 3 14.33 2.38 27.16 1.49 0.247 0.646 Stage 3A 13.71 0.66 15.07 1.54 0.255 0.667 
Tier 4a 9.27 1.00 1.30 0.56 0.124 0.371 Stage 3B 8.58 0.37 11.95 0.07 0.012 0.015 
Tier 4b 9.27 0.73 1.30 0.07 0.013 0.016 Stage 4 8.58 0.34 1.30 0.07 0.012 0.015 
Super1 59.50 11.70 48.89 12.13 2.009 5.246 Super1 59.50 11.70 48.89 12.13 2.009 5.246 
Super2 21.36 3.80 51.60 4.41 0.731 1.908 Super2 21.36 3.80 51.60 4.41 0.731 1.908 
Large 
Engine 
Tier 0 18.35 5.16 51.29 3.71 1.365 1.707 Stage 0 18.35 5.16 51.29 3.71 1.365 1.707 
Tier 1 10.46 1.68 31.69 1.71 0.410 0.978 Stage 1 10.46 1.68 31.69 1.71 0.410 0.978 
Tier 2 3.21 1.68 31.69 0.64 0.152 0.362 Stage 2 7.32 1.68 20.67 0.64 0.152 0.362 
Tier 3 3.21 1.68 31.69 0.64 0.199 0.356 Stage 3A 7.32 0.44 12.75 0.64 0.199 0.356 
Tier 4a 2.08 0.47 12.63 0.05 0.042 0.003 Stage 3B 4.74 0.19 7.58 0.06 0.053 0.004 
Tier 4b 2.08 0.47 1.52 0.05 0.042 0.003 Stage 4 4.74 0.19 1.52 0.06 0.053 0.004 
Super 1 40.79 6.71 57.05 7.55 1.805 4.304 Super1 40.79 6.71 57.05 7.55 1.805 4.304 
Super 2 14.64 2.18 60.22 2.74 0.656 1.565 Super2 14.64 2.18 60.22 2.74 0.656 1.565 
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Table 3.5 New engine emission factors for gasoline engines. 
Engine Size 
Emission 
Level 
New Engine Emission Factors (g/kg-fuel) 
CO HC NOx PM OC BC 
2-stroke 
Phase 0 1187.1 408.0 1.8 14.40 10.22 3.05 
Phase 1 846.7 349.2 1.8 12.32 8.75 2.61 
Phase 2 846.7 243.1 0.4 8.58 6.09 1.82 
Superemitter 2135.5 1325.1 2.7 126.9 89.9 26.9 
Low power 4-
stroke 
Phase 0 894.5 31.9 5.1 0.13 0.09 0.03 
Phase 1 894.5 18.3 5.1 0.07 0.05 0.02 
Phase 2 894.5 18.3 4.4 0.07 0.05 0.02 
Phase 3 894.5 13.4 2.2 0.05 0.04 0.01 
Superemitter 1878.4 87.9 7.6 0.97 0.69 0.21 
High power 4-
stroke 
Phase 0 390.4 14.0 30.7 0.22 0.15 0.05 
Phase 1 135.9 2.7 6.9 0.04 0.03 0.01 
Phase 2 12.0 1.8 4.7 0.03 0.02 0.01 
Superemitter 552.6 29.2 30.7 1.25 0.88 0.26 
 
Task 3(ii): Emission Factor Change with Age 
Degradation rate is the term to account for emission increasing with usage as engine components 
degrade [Ubanwa et al., 2003; USEPA, 2010b]. In this task, I estimate degradation rate of on-
road vehicles and nonroad engines to account for emission increasing in aged engines. 
On-road Vehicles 
I determine degradation rates based on studies that include more than 300 vehicles, but these 
studies are limited to the U.S. and Europe. The general pattern of degradation rate is taken from 
Ubanwa et al. [2003]. In this study, I separate degradation into three phases, as shown in Figure 
3.1. During the new engine phase (durability phase), emissions will be constant for one year for 
gasoline and two years for diesel vehicles [Ubanwa et al., 2003]. Then, emissions increase 
linearly with a rate depending on technology during the second phase (degradation phase). In the 
last stabilized phase, emissions maintain a maximum level. For gasoline vehicles, three studies 
provide degradation rates. Two of them [Cadle et al., 1999; Durbin et al., 1999] are close, while 
the third [Ubanwa et al., 2003] is quite different. I use the averages of the first two studies, 
which are 0.04 g/kg-fuel/year for pre-baseline standards and 0.005 g/kg-fuel/year for post-
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baseline standards. For other types of vehicles, I use PM degradation rates from Ubanwa et al. 
[2003].  
 
Figure 3.1 General patterns of on-road degradation rates (Light Duty Diesel, Euro I is 
shown). 
The new-vehicle emission factors are based on measured data and are lower than the standard. 
Therefore, the applied degradation rates result in emissions more than 10% above the emission 
standard only after seven years of lifetime. 
Nonroad Engines 
The general pattern of degradation rate is again separated into three phases, similar to those for 
on-road engines. First comes the durability phase, during which emissions remain below 
emission standards [USEPA, 2010b; USEPA, 2010c]. During the second phase, emissions 
increase steadily because of degradation of the engine as reported in EMEP/EEA [2009], USEPA 
[2010b], USEPA [2010c]. Finally, in the stabilized phase, emissions no longer increase. The 
degradation rate of large agriculture engine is presented in Figure 3.2 as a sample.  
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Figure 3.2 General patterns of nonroad degradation rates (agriculture medium engine, 
Stage I is shown). The pattern of the degradation curve was modified from EMEP/EEA 
[2009], USEPA [2010b], and USEPA [2010c] where emissions increase linearly with engine 
age.  
According to USEPA [2010a], emissions increase and stabilize after engines reach their median 
life (discuss in Task 1b(v) in Chapter 4) while, EMAP/EEA [2009] assumes that emissions would 
increase without stabilizing. The degradation rate is represented in the model by three linear 
phases, following other work.  
A modification was made to the degradation rate during the first phase (“durability period”) 
because the United States nonroad emission standards required that emissions of aged engines 
needed to be lower than standards during specific period [USEPA, 2010b; USEPA, 2010c]. I 
assumed that emissions would increase according to degradation rates in EMAP/EEA [2009], 
USEPA [2010b], and USEPA [2010c], but would not increase over the emission standard levels. 
The durability periods are regulated on either cumulative service in hours or engine age in years, 
whichever is reached first [USEPA, 2012]. I selected a durability age as the lower value of 
durability cumulative service divided by annual usage (Task 1b(v), Chapter 4) or durability 
engine age. The length of durability phases are shown in Table 3.6.   
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Table 3.6 Durability and degradation phase for different nonroad engine types and sizes. 
Engine Type Engine Size 
Durability Phase (yr)
1
 Degradation Phase (yr)
2
 
Diesel  Gasoline Diesel Gasoline 
Agriculture 
Engines 
Small or 2stk 5 1 5 1 
Medium or 4stk-l 7 5 7 5 
Large or 4stk-h 10 7 10 7 
Construction 
and Mining 
Engines 
Small or 2stk 5 1 5 1 
Medium or 4stk-l 7 1 7 1 
Large or 4stk-h 10 7 10 7 
Industrial 
Engines 
Small or 2stk 3 1 3 1 
Medium or 4stk-l 4 1 4 1 
Large or 4stk-h 7 6 7 6 
1 Selected shorter period between emission useful lifetime (period where emissions less than emission standard) in hours and 
years regulated by USEPA. Emissions in this period would be lower than emission standard. 
2 Assumed that, in this period, emissions increased as stated in EMAP/EEA [2009], USEPA [2010b], and USEPA [2010c] and the 
length of this period is the same as durability phase. 
 
The length of the degradation phase is assumed to be the same length as the durability phase, 
also shown in Table 3.6. It is assumed that the period during which emissions increase is close to 
median life (USEPA [2010b]; USEPA [2010c]). Parameters for the degradation rates for all 
engine types are summarized in Table 3.7 and 3.8.  
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Table 3.7 Degradation rates in durability and degradation phases for diesel U.S. and European standard. 
Engine 
Size 
Emissio
n level
1
  
Durability Phase  
(fraction increase/yr) 
Degradation Phase  
(fraction increase/yr) 
 
Durability Phase  
(fraction increase/yr) 
Degradation Phase  
(fraction increase/yr) 
CO HC NOx PM
2
 CO HC NOx PM
2
 CO HC NOx PM
2
 CO HC NOx PM
2
 
Small 
Engine 
T0/S0 
A
g
ri
cu
lt
u
re
 a
n
d
 C
o
n
st
ru
ct
io
n
 E
n
g
in
es
 
0.026 0.012 0.002 0.062 0.026 0.012 0.002 0.062 
In
d
u
st
ri
al
 E
n
g
in
es
 
0.041 0.016 0.004 0.102 0.041 0.016 0.004 0.102 
T1/S1 0.018 0.011 0.002 0.062 0.018 0.011 0.002 0.062 0.026 0.014 0.004 0.102 0.026 0.014 0.004 0.102 
T2/S2 0.018 0.011 0.001 0.062 0.018 0.011 0.001 0.062 0.026 0.014 0.002 0.102 0.026 0.014 0.002 0.102 
T3/S3A 0.023 0.010 0.001 0.062 0.023 0.010 0.001 0.062 0.035 0.012 0.001 0.102 0.035 0.012 0.001 0.102 
T4a/S3b 0.023 0.010 0.001 0.062 0.023 0.010 0.001 0.062 0.035 0.012 0.001 0.102 0.035 0.012 0.001 0.102 
T4b/S4 0.023 0.010 0.001 0.062 0.023 0.010 0.001 0.062 0.035 0.012 0.001 0.102 0.035 0.012 0.001 0.102 
Medium 
Engine 
T0/S0 0.021 0.011 0.002 0.049 0.021 0.011 0.002 0.049 0.030 0.013 0.003 0.072 0.030 0.013 0.003 0.072 
T1/S1 0.015 0.010 0.002 0.012 0.015 0.010 0.002 0.049 0.020 0.012 0.003 0.019 0.020 0.012 0.003 0.072 
T2/S2 0.015 0.010 0.001 0.012 0.015 0.010 0.001 0.049 0.020 0.012 0.001 0.019 0.020 0.012 0.001 0.072 
T3/S3A 0.018 0.009 0.001 0.012 0.018 0.009 0.001 0.049 0.026 0.011 0.001 0.019 0.026 0.011 0.001 0.072 
T4a/S3b 0.018 0.009 0.001 0.049 0.018 0.009 0.001 0.049 0.026 0.011 0.001 0.072 0.026 0.011 0.001 0.072 
T4b/S4 0.018 0.009 0.001 0.049 0.018 0.009 0.001 0.049 0.026 0.011 0.001 0.072 0.026 0.011 0.001 0.072 
Large 
Engine 
T0/S0 0.017 0.010 0.001 0.039 0.017 0.010 0.001 0.039 0.021 0.011 0.002 0.050 0.021 0.011 0.002 0.050 
T1/S1 0.013 0.009 0.001 0.027 0.013 0.009 0.001 0.039 0.015 0.010 0.002 0.041 0.015 0.010 0.002 0.050 
T2/S2 0.013 0.009 0.000 0.027 0.013 0.009 0.000 0.039 0.015 0.010 0.001 0.041 0.015 0.010 0.001 0.050 
T3/S3A 0.015 0.009 0.000 0.027 0.015 0.009 0.000 0.039 0.019 0.010 0.001 0.041 0.019 0.010 0.001 0.050 
T4a/S3b 0.015 0.009 0.000 0.039 0.015 0.009 0.000 0.039 0.019 0.010 0.001 0.050 0.019 0.010 0.001 0.050 
T4b/S4 0.015 0.009 0.000 0.039 0.015 0.009 0.000 0.039 0.019 0.010 0.001 0.050 0.019 0.010 0.001 0.050 
1 T and S are Tier Standard (U.S.) and Stage standard (European) 
2 The degradation for PM is assumed to be the same as those of BC and OC. 
 44 
Table 3.8 degradation rates in durability and degradation phases for gasoline engines. 
Type 
Engine 
Size 
Emission 
Level 
Durability Phase  
(fraction increase/yr) 
Degradation Phase  
(fraction increase/yr) 
CO HC NOx PM
1
 CO HC NOx PM
1
 
A
g
ri
cu
lt
u
re
 E
n
g
in
es
 
2-stroke 
Phase 0 0.160 0.160 0.000 0.160 0.160 0.160 0.000 0.160 
Phase 1 0.192 0.087 0.000 0.216 0.192 0.216 0.000 0.216 
Phase 2 0.192 0.087 0.000 0.216 0.192 0.472 0.000 0.216 
Low power 
4-stroke 
Phase 0 0.070 0.052 0.006 0.052 0.070 0.052 0.006 0.052 
Phase 1 0.028 0.005 0.030 0.052 0.072 0.128 0.030 0.052 
Phase 2 0.028 0.005 0.030 0.052 0.072 0.128 0.030 0.052 
Phase 3 0.028 0.005 0.030 0.052 0.072 0.128 0.030 0.052 
High power 
4-stroke 
Phase 0 0.050 0.037 0.004 0.037 0.050 0.037 0.004 0.037 
Phase 1 0.032 0.055 0.021 0.037 0.051 0.091 0.021 0.037 
Phase 2 0.032 0.055 0.021 0.037 0.051 0.091 0.021 0.037 
C
o
n
st
ru
ct
io
n
 E
n
g
in
es
 
2-stroke 
Phase 0 0.240 0.240 0.000 0.240 0.240 0.240 0.000 0.240 
Phase 1 0.288 0.131 0.000 0.324 0.288 0.324 0.000 0.324 
Phase 2 0.288 0.131 0.000 0.324 0.288 0.708 0.000 0.324 
Low power 
4-stroke 
Phase 0 0.280 0.208 0.024 0.208 0.280 0.208 0.024 0.208 
Phase 1 0.110 0.020 0.120 0.208 0.288 0.512 0.120 0.208 
Phase 2 0.110 0.020 0.120 0.208 0.288 0.512 0.120 0.208 
Phase 3 0.110 0.020 0.120 0.208 0.288 0.512 0.120 0.208 
High power 
4-stroke 
Phase 0 0.050 0.037 0.004 0.037 0.050 0.037 0.004 0.037 
Phase 1 0.032 0.055 0.021 0.037 0.051 0.091 0.021 0.037 
Phase 2 0.032 0.055 0.021 0.037 0.051 0.091 0.021 0.037 
In
d
u
st
ri
al
 E
n
g
in
es
 
2-stroke 
Phase 0 0.333 0.333 0.000 0.333 0.333 0.333 0.000 0.333 
Phase 1 0.400 0.181 0.000 0.450 0.400 0.450 0.000 0.450 
Phase 2 0.400 0.181 0.000 0.450 0.400 0.983 0.000 0.450 
Low power 
4-stroke 
Phase 0 0.490 0.364 0.042 0.364 0.490 0.364 0.042 0.364 
Phase 1 0.193 0.035 0.210 0.364 0.504 0.896 0.210 0.364 
Phase 2 0.193 0.035 0.210 0.364 0.504 0.896 0.210 0.364 
Phase 3 0.193 0.035 0.210 0.364 0.504 0.896 0.210 0.364 
High power 
4-stroke 
Phase 0 0.056 0.042 0.005 0.042 0.056 0.042 0.005 0.042 
Phase 1 0.036 0.061 0.024 0.042 0.058 0.102 0.024 0.042 
Phase 2 0.036 0.061 0.024 0.042 0.058 0.102 0.024 0.042 
1 Degradation for PM is assumed to be the same as those of BC and OC. 
Task 3(iii): Emission Factors for Superemitters 
Superemitter emission factor data are very limited (on-road vehicles) or not measured (non-road 
engines). The large contribution of superemitters suggests that their contribution should not be 
ignored.  
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On-road Vehicles 
Yanowitz et al. [2000] reported a large database of emission measurements in the United States. I 
grouped the 166 emission tests performed on the same driving cycle by engine standards. As 
expected, emission at the 50th percentile decreased as standards tightened. Emission at the 90th 
percentile also decreased with tighter standards, especially after 1993. I therefore assume that 
engine technologies improved greatly after 1993, and that this difference affects superemitters as 
well. I use two superemitter emission factors in this study: “old-engine” superemitters (up to 
1993 in the United States) and “new-engine superemitters” (post-1993 models). I do not have 
such extensive emission studies from Europe, but the Euro I standard is similar to the U.S. 1993-
standard. I therefore assume that this is the separation between old and new-engine 
superemitters. 
For gasoline vehicles, I averaged emission factors from smoker and poor maintenance vehicles 
reported in Durbin et al. [1999] and Cadle et al. [1999]. These are 3.2 g/kg-fuel (old-engine) and 
0.3 g/kg-fuel (new-engine). For LDDV and HDDV, I use averages of 11 vehicles from 
McCormick et al. [2003] as 8.3 g/kg-fuel for old-engines, which agrees with estimates from 
Subramanian et al. [2009] for Bangkok. Because McCormick et al. [2003] does not provide a 
significant number of post-1993 tests, I estimate new-engine emission factors from the Yanowitz 
et al. [2000] database. I found that averaging the highest 2% of 326 old-engine tests in this 
database gave values close to superemitters from McCormick et al. [2003] and Subramanian et 
al. [2009]. Assuming that old and new engine tests have similar emission distributions in this 
database, I average the highest 2% of 78 new-engine tests and use 2.9 g/kg-fuel as the new-
engine superemitter emission factor.  
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Nonroad Diesel Engines 
I assumed that nonroad engines have the same population characteristics as heavy duty on-road 
engines. Bond et al. [2004] studied superemitter fractions from literatures and found that central 
values for the U.S. were 5%. Then, I assumed that the highest 5% of 300 heavy-duty on-road 
vehicle emissions tested in in Yanowitz et al. [2000] are superemitters.  From this analysis, the 
highest 5% of emission factors are 4.0, 1.8, 3.9, and 4.4 times greater than HC, NOx, CO, and 
PM emission factors for normal (lowest 95%) of vehicles without standards. For post-standard 
vehicles, the ratios are 1.3, 1.9, 1.4, and 1.6 for HC, NOx, CO, and PM, respectively. I applied 
these ratios to nonroad Tier I/Stage I emission factors to obtain two superemitter emission 
factors: Superemitter1 (engines Tier/Stage0 and Tier/Stage I standards) and Superemitter 2 
(engines with post-Tier/Stage I standards. Emission factors of superemitters are summarized in 
Table 3.4 for the U.S. and European standards.   
Nonroad Gasoline Engines 
I assumed that superemitters of nonroad gasoline engines have the same emission characteristics 
as those of on-road gasoline vehicles. I averaged emissions of 50 normal and 15 smoker gasoline 
vehicles reported in Cadle et al. [1999]. Then, I calculated ratios between superemitter and 
normal vehicles. These ratios (3.5, 2.1, 1.5, and 9.5 for HC, CO, NOx, and PM) were multiplied 
by the averaged emission factors of Phase 0 and Phase 1 engines assuming that these Phase 0 and 
Phase 1 engines have the same engine technologies as 65 vehicles tested in Cadle et al. [1999]. 
The resulting emission factors for superemitters are given in Table 3.5.    
3.4 Conclusion 
In this work, I recommended emission factors for new engines, aged engines, and superemitters 
to use in regional-scale emission estimation of on-road vehicles and nonroad engines.  
Emission factors for new vehicles are developed based on either engine emission testing data or 
reduction factor method for more tighten standards. Degradation rates which can be separated 
into three phases (i.e. new engine phase for on-road vehicles and durability phase for nonroad 
engines, degradation phase, and stabilization phase) are developed to account for emission 
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increases in aged vehicles. Finally, emission factors for superemitters are developed for both 
diesel and gasoline engines. 
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CHAPTER 4 
MODELING OF CURRENT AND FUTURE GLOBAL EMISSIONS FROM 
LAND-BASED NONROAD ENGINES 
4.1 Overview 
This work develops future projections of global emissions for nonroad engines that contain more 
mechanistic detail than what is presently contained in global projections. Many of the methods 
described in this chapter are not new because they have already been applied for some national 
projections. The major purpose of this work is to provide air pollutant emission projections that 
are consistent with projections of the global economic situation and greenhouse gas emissions 
from the Special Report on Emission Scenarios (SRES) [Nakicenovic et al., 2000; IPCC, 2001]. 
The SRES is the source of most greenhouse gas emissions trajectories used for future climate 
modeling, and projection outputs (such as fuel consumption, Gross Domestic Product (GDP), 
agricultural area) from this model are used as drivers to force the engine fleet model for nonroad 
engines in this study. This work also discusses the sensitivity of selected parameters used in 
global emission projections.  
4.2 Regional subdivisions 
Global emission projections in this study are given for 17 regions that align with those in a 
commonly used macroeconomic model, “Integrated Model to Assess the Global Environment” 
(IMAGE) [RIVM, 2001]. These regions are: Canada, United States, Central America, South 
America, Northern Africa, Western Africa, Eastern Africa, Southern Africa, OECD Europe, 
Eastern Europe, Former USSR, Middle East, South Asia, East Asia, South East Asia, Oceania, 
and Japan. Countries in each region are summarized in Appendix A.  
4.3 End-use subdivisions 
Three major categories of land-based nonroad engines are included in this work: construction 
and mining equipment, industrial engines, and agricultural equipment. For each category, 
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emissions of diesel, 2-stroke gasoline, and 4-stroke gasoline engines are calculated separately 
because they have different engine sizes (see Task 1b(iii)) and evolutions in the future. Examples 
of nonroad engines for each category are:  
Construction and mining (CM) equipment includes pavers, excavators, cranes, backhoe loaders, 
scrapers, rollers, underground mine vehicles  
Industrial engines include aerial lifts, forklifts, sweepers/scrubbers, self-propelled elevating 
platforms, signal board, material handling equipment 
Agricultural equipment is used for farming including tractors, combine harvesters and seeders, 
grain shifters, balers, self-propelled sprayers  
4.4 Modeling Approach 
Table 4.1 outlines the structure of this modeling effort. In this study, global emission inventories 
of nonroad diesel and gasoline engines are developed. The modeling approach is discussed in 
this section for both engines together. However, if there are differences in the approach between 
two engines, each engine is discussed separately.  
Objective 1a, Fuel Consumption 
Task 1a(i): Compile Historical Fuel Consumption Data (1971-2010) 
Historical fuel consumption is not needed for future projections, but it is required to create an 
initial engine population by running the fleet model on historical data. In this study, a database of 
fuel consumption data from 1971 was developed.  
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Table 4.1 Objectives and tasks that comprise the future emission model. 
Objective Task 
1a. Link Macroeconomic 
Model Projections with Fuel 
Consumption by Nonroad 
Engines 
1a(i). Compile historical fuel consumption database 
 
1a(ii). Isolate fraction of future fuel consumption 
attributable to each end-use 
1b. Provide Inputs for Fleet 
Model of Global Nonroad 
Engine Population  
1b(iii) Group engines by size 
 
1b(iv) Divide fuel consumption by engine size 
 
1b(v) Estimate parameters describing retirement rates 
 
1b(vi) Estimate regulation dates 
 
1b(vii) Estimate superemitter generation rates 
1c. Determine Sensitivities 1c(viii) Fuel consumption 
 
1c(ix) Engine population 
 
1c(x) Retirement rate 
 
1c(xi) Superemitter development rate 
 
1c(xii) Standard implementation date 
 
1c(xiii) Emission Factors 
 
Nonroad Diesel Fuel Consumption  
I used diesel fuel consumption data in agriculture/forestry and industry from 1971 to 2010 from 
IEA [2012a, b], aggregated to the 17 regions. Some regions had missing fuel consumption data 
prior to 1988 (Eastern Africa, Former USSR, South Asia) and were projected backward from that 
year with the fuel consumption data in IMAGE. The total correction to this pre-1988 data is 
around 10% of the total data in these regions. These modifications have a very small effect on 
the emissions in the study period (2010 and onward) because the data are used only to set the 
initial population distribution.  
The division of historical fuel consumption among different end-uses is accomplished as follows:  
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(1) Construction and Mining   
The fuel consumption of CM is a subsection of industrial fuel consumption sector in the IEA 
database. However, separation of CM fuel consumption from the industrial sector is not available 
in the United States region and before 1996 in other regions. Because engine sizes used for 
industrial and CM purposes are very different, fuel consumption in CM and industry is needed to 
be separated. For the United States region, I calculated the ratio of fuel consumption between 
CM (from Kean et al. [2000]) and IEA in 1996 when Kean et al. [2000] collected data in their 
study. For any other regions, IEA data shows that the ratio between CM and industrial fuel 
consumption after 1996 change less than 10% (from average value over 10 years), except for 
Former USSR and Middle East where the ratio changes from 13-20% between 1996 and 2010. I 
assumed that these CM to industry ratios remained constant through the study period and used 
them to separate CM fuel consumption from Industrial fuel consumption.   
(2) Industrial Fuel Consumption 
I divided historical industrial fuel consumption data into three groups: CM fuel consumption 
(described above), other internal combustion engines (described hereafter as “industrial”), and 
other uses that are assumed to be external combustion boilers. I separated fuel used in external 
combustion boilers from this calculation because emissions from engine and external combustion 
are quite different [Bond et al., 2004]. 
Information on the division between internal and external combustion fuel consumption is very 
limited. I assigned a fixed value of 70% to internal combustion engines based on GAINS [2010], 
which has data of fuel consumption in boilers from some European countries. This fraction is 
assumed to be the same for all regions and constant over time. These assumptions are quite 
extreme because fuel consumption used in boilers should vary by regions based on types of 
technologies, natures of industries, and economics, and the sensitivity of the fuel consumption in 
boilers is explored in Section 4.6.  
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(3) Agricultural Fuel Consumption 
I used historical fuel consumption data from IEA [2012a, b] for the agricultural and forestry 
sector, which is a separate use under the “Other” heading in the “Final consumption” heading.  
Nonroad Gasoline Fuel Consumption 
Historical gasoline fuel consumption records in IEA [2012a, b] for nonroad consumption are not 
available in most countries. Instead of using historical records, for which many data points are 
missing, I calculated ratios between gasoline and diesel fuel consumption for each region from 
countries where both gasoline and diesel fuels are available, based on fuel consumption data 
from 2006 to 2010 for industrial and agriculture fuel consumption in IEA [2012a, b]. Gasoline to 
diesel fuel ratios in most regions are equal to or less than 0.20, except in the industrial sector in 
OECD Europe, where the calculated ratio from IEA is 0.63 (data available in only Italy). Two 
studies in Switzerland [Federal Office of Environment, 2008] and Denmark [Winther and 
Nielsen, 2006] show that the ratios are 0.03, and 0.02, respectively. I assume that the ratio 
calculated from Italy was not valid since it is much higher than ratios in Switzerland and 
Denmark. Thus, I selected the ratio of 0.03 which is the averaged value of two countries for the 
industrial sector in OECD Europe. Table 4.2 shows averaged ratios used in this study and the 
variation among regions. 
(1) Construction and Mining   
IEA [2012a, b] has CM fuel consumption as subcategory under industrial fuel consumption. 
However, there is no record of gasoline fuel consumption available in this subcategory. I used 
the ratio between CM and industrial gasoline fuel consumption in NONROAD model [USEPA, 
2011] to split CM gasoline fuel consumption from industry gasoline fuel consumption calculated 
from Table 4.2. This CM gasoline consumption is 50% of total industry gasoline fuel 
consumption (calculated based on data in the U.S. and Switzerland [Federal Office of 
Environment, 2008]). I assumed that the fraction of gasoline CM from total industry is the same 
in all regions.   
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Table 4.2 Gasoline to diesel ratios for estimating gasoline consumption. 
Region 
Industrial sector (industry and CM)
 
Agricultural sector
 
Average Min - Max Average Min – Max 
Canada 0.20
1
 -
 
0.20
1
 - 
USA 0.20
2
 0.17 – 0.25 0.202 0.13 – 0.29 
Central America 0.19
3
 - 0.19
2
 0.16 – 0.23 
South America 0.11
2
 0.05 – 0.22 0.012 0.01 – 0.01 
Northern Africa 0.09
2
 0.06 – 0.13 0.093 - 
Western Africa 0.10
4
 - 0.09
5
 - 
Eastern Africa 0.09
2
 0.08 – 0.10 0.092 0.08 – 0.09 
Southern Africa 0.11
2
 0.07 – 0.14 0.102 0.09 – 0.12 
OECD Europe 0.03
6
 0.02 - 0.03 0.05
6
 0.02 – 0.16 
Eastern Europe 0.01
2
 0.01 – 0.02 0.042 0.03 – 0.05 
Former USSR 0.05
3
 - 0.05
2
 0.03 – 0.06 
Middle East 0.02
2
 0.01 – 0.02 0.012 0.01 – 0.01 
South Asia 0.14
7
 - 0.14
7
 - 
East Asia 0.14
3
 - 0.14
2
 0.12 – 0.15 
Southeast Asia 0.12
2
 0.01 – 0.38 0.172 0.17 – 0.18 
Oceania 0.10
3 
- 0.10
2
 0.09 – 0.10 
Japan 0.20
1
 - 0.20
1
 - 
1 Assume ratio is the same as that of USA 
2 Calculated from countries in each region between 2006 and 2010 using fuel consumption data in the industrial and agricultural 
sector in IEA [2012a, b] 
3 Assume the ratio is the same between the industrial and agriculture sectors 
4 Assume the ratio is the same as other Africa (averaged among other African regions) 
5 Calculated ratios from one country in IEA is 0.89. Use 0.09, which is the average among African regions 
6 Data from Winther and Nielsen [2006], Federal Office of Environment [2008], and IEA [2010a, b] 
7 Assume the ratio is the same as that of East Asia  
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(2) Industrial Fuel Consumption 
Industrial gasoline fuel consumption is the difference between industrial gasoline fuel 
consumption estimated from Table 4.2 and the CM gasoline fuel consumption (described above).  
 (3) Agricultural Fuel Consumption 
Gasoline fuel consumption used in the agricultural sector is calculated by multiplying ratios in 
Table 4.2 with diesel fuel consumption used in the agricultural sector. 
Task 1a(ii): Estimate Future Fuel Consumption (2010-2050) 
I used four economic scenarios (A1B, A2, B1, and B2), which are a set of assumptions about 
world priorities and future economic development, developed for the SRES [Nakicenovic et al., 
2000; IPCC, 2001] as formulated by the IMAGE group at world-region level [RIVM, 2001]. This 
macroeconomic model outlines plausible pathways of economic development for individual 
countries or regions under constraints of population growth and other social factors [Kriegler et 
al., 2010]. Once sector-specific levels of related economic activity are determined, the model 
estimates fuel consumption under constraints of price and resource availability. 
The four projection scenarios describe a range of economic conditions as described in Table 4.3. 
The scenarios have identified “efficient technology introduction” as a potential difference and in 
macroeconomic modeling, that term refers to the ability to reduce greenhouse gases. It may not 
apply to other sources of air pollutants when they differ from the greenhouse-gas emitters.  
Future fuel consumption data are taken from the SRES scenarios. As these scenarios were 
developed several years ago, they use recorded data until 1990 and then use computational 
general equilibrium principles to project beyond that year. For 1990 to 2010, there is a mismatch 
between IMAGE and historical data in IEA because the projections do not match history. I 
therefore scale IMAGE fuel consumption, population, and gross domestic product (GDP) 
according to the actual data in the crossover year, 2010. This means that the SRES projections 
provide only growth rates.  
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Table 4.3 Economic conditions under four scenarios. 
Economic Condition 
Economic Scenario 
A1B A2 B1 B2 
Economic growth Rapid Lower High Moderate 
Population growth Low High Low Moderate 
Efficient technology introduction Rapid 
Slow, 
fragmented 
Emphasis 
on global 
solutions 
Less rapid 
Globalization More Less More Less 
Global GDP (trillion,1995 $US)         
2010 42 42 42 42 
2030 101 64 87 79 
2050 211 97 160 128 
Nonroad Fuel Consumption (Mt)         
2010 238 238 238 238 
2030 323 258 271 284 
2050 328 241 224 239 
(1) Construction and Mining Fuel Consumption  
Future fuel consumption in CM is estimated by applying annual growth rates from SRES 
projections in the industrial sector to reported consumption in the crossover year of 2010.  
(2) Industrial Fuel Consumption 
Future fuel consumption data in the industrial sector is estimated by applying annual growth 
rates from SRES projections to reported consumption in the crossover year of 2010. 
(3) Agricultural Fuel Consumption 
For agriculture, future projection of fuel consumption is subsumed under a miscellaneous sector 
called “Others”, which represents a collection of uses that may have diverse growth rates. The 
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process to estimate fuel consumption for the agricultural sector alone was developed in this 
study. 
I started by studying estimation of diesel fuel consumption because there were more data 
available than gasoline fuel. Previous studies on agricultural fuel consumption focused only on 
determinants of consumption on a local scale. Biondi et al. [1998] and Unakitan and Akdemir 
[2007] used cumulative stock and historical population data to estimate annual farm tractor 
demand in Italy, France, and the United States for 1996-2000 and Turkey for 2004-2015, 
respectively. This prediction method needs historical population data of the fleet to estimate 
future population. Karkacier et al. [2005] found a strong relationship between energy use and 
agricultural productivity in Turkey between 1971 and 2003. However, important parameters 
required for the relationships developed in their studies, such as gross additional fixed assets or 
value of agricultural products, are not available in economic projections. Thus, I found that 
methods used in previous studies were not suitable for projections across many large regions.  
I examined historical relationships between historical diesel fuel consumption in the agricultural 
sector and economic parameters (i.e., agriculture GDP and crop area) that are projected by 
macroeconomic models. This relationship can be used to estimate future fuel consumption of 
different economic scenarios. Relationships investigated included tractor population compared 
with crop area, mechanization (tractor population per crop area) compared with GDP, diesel fuel 
consumption compared with crop area, and diesel fuel consumption compared with food 
production per food crop area. The best relationship was found between agricultural diesel fuel 
consumption per crop area (called “diesel fuel intensity” hereafter) and agricultural GDP per 
crop area (called “agricultural productivity” hereafter). The relationship between diesel fuel 
intensity and agricultural productivity is shown in Figure 4.1 for data aggregated to the 17 study 
regions. Although the relationship does not match some of the regions well, it is better than any 
other relationship I explored. Variation among regions may come from types of agricultural 
products; types of land; local practice and resources, such as whether people use capital 
equipment or animal power; and climate, which affects growing seasons and frequency of 
harvest. For example, the U.S. and OECD Europe regions lie on different ends in the relationship 
in Figure 4.1, and these two regions have different farming practices. The farm size is much 
smaller in Europe with average farm size of 15 hectares than that in the U.S. with average farm 
 58 
size of 180 hectares [European Commission (EU), 2014]. Thus, nonroad engines in each farm in 
Europe tend to consume more diesel fuel per area than nonroad engines in larger farms in the 
U.S.  
The regional data lie approximately on a curve that resembles a logistic function. At very low 
productivity, productivity increases rapidly with increasing diesel fuel intensity. When 
productivity is more than 0.03 million dollars per square kilometer, increasing diesel fuel 
intensity has less of a benefit for productivity. When productivity is more than 0.09 million 
dollars per square kilometer, increasing agricultural productivity no longer appears to require 
additional diesel fuel. I used least-squares to fit the data in Figure 4.1 with a logistic function. 
The resulting equation is 
𝐼𝑛𝑡𝑑𝑖𝑒𝑠 =  
0.0082
1 + exp(3 − 53.08 × 𝑃𝑟𝑜𝑑𝑎𝑔)
                                (4.1) 
where Intdies is diesel fuel intensity in millions of kilograms per square kilometer of crop area, 
and Prodag is agricultural productivity in millions of dollars per square kilometer of crop area. 
Errors in this estimate can be inferred by applying the relationship to projected data between 
1996 and 2010 and comparing with agricultural fuel consumption data from IEA during the same 
period. The differences between annual global fuel consumption calculated from Equation (4.1) 
and actual data from IEA range from 0.5 to 13%.  
The growth rate of gasoline fuel consumption in the agriculture sector is assumed to be the same 
as the growth rate of diesel fuel, estimated from Equation (4.1). The implications of the 
uncertainty in this relationship are explored as part of this work (see Section 4.6). 
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Figure 4.1 Relationship between diesel fuel intensity (diesel fuel consumption per crop 
area) and agriculture productivity (agricultural GDP per crop area). Color points show 
regional data points from 1971-1995. The black line is a fitted logistic function used to 
estimate agricultural fuel consumption. 
Objective 1b, Population Model 
4.5 Model Description  
The principles of the technology modeling approach are described by Yan et al. [2011] for on-
road vehicles. SPEW-Trend is an engineering-based, technology-rich model driven by activity 
rates that can be provided by computational general equilibrium models. The results are 
consistent with both economic models, which seek supply-demand equilibrium for large sectors, 
and with engineering models that represent the inertia due to capital stock. Because the model 
takes fuel input from computational general equilibrium models, pollutant estimates are 
consistent with their partner greenhouse-gas scenarios. However, instead of identifying 
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technology choices that will meet emission standards at the lowest cost, SPEW-Trend projects 
emissions based on a time-varying balance on the vehicle population. The determination of the 
parameters required to model nonroad emissions are discussed here. The calculation scheme is 
shown in Figure 4.2.  
A model of the vehicle population is at the center of the emission calculation chart. As engines 
retire from the existing fleet every year, new engines are introduced to account for the difference 
between total fuel consumption and fuel consumption by existing engines. The growth in total 
fuel consumption, plus the fuel consumption by retired engines, sets the number of new engines 
deployed each year. The model assumes that the new engines chosen each year are those 
conforming to the emission standard in force at the time. The model also assumes that some 
fraction of normal engines will change to highly emitting engines or “superemitters.” The in-use 
population of each type of engines is calculated by adding new engines from fuel consumption 
data, removing retired engines, and altering normal engines to superemitters. 
SPEW-Trend uses the trend of predicted fuel consumption (Objective 1a, top box in Figure 4.2) 
as an input to the population model. This allows the model to project a vehicle fleet that is 
consistent with greenhouse-gas emission trends. The purpose of this dynamic model is not to 
estimate the number of in-use engines (although this is a byproduct of the calculation), but rather 
to estimate the amount of fuel used by different engine ages and types in the fleet. Because a 
fuel-based representation of emissions is used, it is sufficient to attribute fuel to engine types. 
The lower box in Figure 4.2 illustrates how emissions from one engine age and type are 
estimated by applying a service-based deterioration rate. The total fuel consumption for all 
engines of a given age, size and type is the product of annual service hours and engine 
population. Cumulative service hours are also stored and are used to estimate emission 
degradation. Finally, emissions from one engine age are the product of total fuel consumption 
and emission factor. Emissions from all ages and types are then summed to produce emissions in 
the region. Emission factors of new engines, aged engines, and superemitters are estimated and 
discussed in Chapter 3, along with emission factors of on-road vehicles. 
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Figure 4.2 Calculation flowchart for estimating emissions from nonroad engines. The 
flowchart shows only relationships in the SPEW-Trend model. The macroeconomic model 
produces consistent scenarios containing GDP and fuel consumption based on an economic 
equilibrium calculation; linkages within the macroeconomic model are not shown in the 
figure.  
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Task 1b(iii): Group Engines by Size  
Nonroad engines have a wide range of capacities from less than 1 kW to larger than 300 kW. 
Because emission standards are often implemented according to size, engines of different sizes 
are associated with different emission levels. I separated nonroad engines into groups that could 
capture major differences in emission factors. 
Diesel Nonroad Engine Group  
By converting emission standards from a power basis [dieselnet, 2010] to a fuel basis, I 
identified three size categories with relatively similar emission factors and emission standards 
within each group. Within these categories, engines also have similar useful lives and warranty 
period according to USEPA’s emission standards [dieselnet, 2010]. These three size categories 
are: small (≤ 20 kW); medium (> 20 kW and ≤130 kW); and large (> 130 kW). 
Engine population data in the United States in 2000 (as recorded in USEPA’s NONROAD 
model) combined with fuel consumption per power output [Samaras and Zierock, 1995] show 
that large engines consume most of the fuel used in the agricultural sector. Medium engines have 
the highest consumption in the industrial sector. For the CM sector, consumption by large and 
medium engines is almost the same. 
Gasoline Nonroad Engine Group  
Commonly used gasoline engines can be separated into 2-stroke and 4-stroke engines. Most 2 
stroke engines are used with low power and generate much higher emission per fuel burned than 
4-stroke engines. I separated engines into three groups, within which engines have relatively 
similar emission factors on a fuel basis. These three size categories are: 2-stroke (≤ 4 kW); low 
power 4-stroke (≤ 18 kW); and high power 4-stroke (> 18 kW). 
Engine population data in the United States in 2000 and engine sale data in Australia reported by 
ENVIRON [2010] show that the two 4-stroke engine groups consume more than 90% of total 
gasoline fuel consumption in the agricultural sector. High power 4-stroke engines have the 
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largest fuel consumption in the industrial sector. For the CM sector, low power 4-stroke engines 
consume higher fuel consumption than engines in other groups.  
Task 1b(iv): Divide fuel consumption by engine size 
In this task, the fuel-base size fraction which is the fraction of fuel consumed by each engine size 
group was calculated. To estimate fuel-base size fraction, engine population and size, fuel 
consumption, and annual usage data are required. These data are not available in all regions, so I 
calculated fuel-base size fractions from regions where data are available and applied these 
fractions to other regions.  
I grouped engine population data in the United States, which is available in the NONROAD 
model [USEPA, 2011] by engine sizes in different end-uses separately. Next, I calculated fuel 
consumption of each engine size by multiplying population with annual usage (discussed in Task 
1b(v)) and size-specific fuel consumption as summarized by the NONROAD model [USEPA, 
2011]. Fuel consumption for each engine size and end-use is given by Equation (4.2). 
FC𝑖,𝑗 = P𝑖,𝑗 × U𝑖,𝑗 × SFC𝑖,𝑗 × 𝐴𝑖,𝑗                                                (4.2)  
where i indicates the engine size and j the end-use category, and FCi,j is the fuel consumption of 
engine size i and end-use category j. P is the engine population, U is the annual usage data in 
hours, SFC is the fuel consumption in g/kW-hr, and A is averaged engine power in kW. 
Finally, the fuel-base size fraction (Fs) for each end-use category is calculated from Equation 
(4.3). These fractions are applied with total fuel consumption data in the regions to estimate fuel 
consumption for each engine size and end-use assuming that there is no change in fractions over 
the study period.  
Fs𝑖,𝑗 =  
FCi,j
FCj
                                                          (4.3) 
Because engine size information is not available in all regions, data sources used to develop fuel-
base size fraction are discussed below. The implications of the uncertainty in engine sizes are 
explored as part of this work (see Section 4-6).  
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Diesel Fuel Consumption by Engine Size 
Diesel fuel consumption data was calculated from engine population data in the United States 
[USEPA, 2011]. The fuel-base size fractions for agriculture engines are 0.001 (small), 0.244 
(medium), and 0.755 (large). For CM engines, fuel-base size fractions are 0.008, 0.410, and 
0.582 for small, medium, and large engines. The fuel-base size fractions for industrial engines 
are 0.027, 0.856, and 0.117 for small, medium, and large engines.  
Gasoline Fuel Consumption by Engine Size 
For gasoline engines, engine population data from NONROAD model [USEPA, 2011] and sale 
data reported in ENVIRON [2010] were used. The fuel consumption fractions in the United 
States are used for Canada, United States, OECD Europe, and Japan assuming these regions have 
the same engine usage pattern. The fuel-base size fraction for agriculture engines are 0.138 (2-
stroke), 0.277 (low power 4-stroke), and 0.585 (high power 4-stroke). For CM engines, the 
fractions are 0.106 (2-stroke), 0.580 (low power 4-stroke), and 0.314 (high power 4-stroke). The 
fractions are 0.001 (2-stroke), 0.139 (low power 4-stroke), and 0.860 (high power 4-stroke) for 
industrial engines.    
For other regions, I used the fuel consumption fractions calculated from sales data in Australia. 
The fuel-base size fraction for agriculture engines are 0.336 (2-stroke), 0.210 (low power 4-
stroke), and 0.454 (high power 4-stroke). For CM engines, the fractions are 0.340 (2-stroke), 
0.441 (low power 4-stroke), and 0.219 (high power 4-stroke). The fractions are 0.060 (2-stroke), 
0.126 (low power 4-stroke), and 0.814 (high power 4-stroke) for industrial engines.     
Task 1b(v): Estimate Parameters Describing Retirement and Change Rates  
USEPA [2005] provided a scrappage curve to determine the proportion of nonroad equipment 
that has been scrapped as a function of equipment age. In this study, the logistic function was 
used to fit the scrappage curve because it can represent the rate of engine cumulative retirement 
over time which flattens at the beginning and end and steeper in the middle. The retirement rate 
R during a time period Δt that begins at time t can be determined from the survival curve: 
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R(t, ∆t) = 1 −
Su(t + ∆t)
Su(t)
                                                           (4.4) 
The equation for survival rate (Su) as a function of cumulative service s is shown in Equation 
(4.5). 
Su(s) =  
1
1+exp[𝛼(s/L50−1 )]
                                                 (4.5)  
where L50 is the median service hours and equal to α/β,  is related to the onset of significant 
retirement (shape factor), and  represents the rapidity of retirement. The shape factor is 5.5 
acquired from curve fitting of the default scrappage curve in USEPA [2005]. This USEPA 
scrappage curve is a model developed based on engine manufacturer sales surveys, 
experimentally determined engine life, and surveys of usage of these engines (also verified by 
equipment owner surveys) [USEPA, 2005; USEPA, 2010d]. The cumulative service and median 
life are discussed below. 
(1) Cumulative Service 
Cumulative service is the total engine operation time, in hours, accumulated over the life of the 
engine [USEPA, 2010a]. In SPEW-Trend, user specifies annual service and the model tracks 
cumulative service as the engine ages.  
Annual service hours are determined based on engine size (small, medium, large, 2-stroke, low 
power 4-stroke, and high power 4-stroke) and type (industrial, construction and mining, 
agriculture). I averaged engine activities from NONROAD model [USEPA, 2011] by engine size 
and type classification. In this study, I assumed, as USEPA did, that engine activity was constant 
for all engine ages. For on-road vehicles, it is known that equipment activity declines as the 
equipment gets older [Van Wee et al., 2000; Zachariadis et al., 2001]. However, there is 
insufficient data to quantify the relationship between engine ages and activity for nonroad 
engines. Annual service hours according to engine size and type are summarized in Table 4.4. 
The annual service data was developed based solely on data in NONROAD model for diesel 
engines while the annual service data was the average of the NONROAD model and the 
EMEP/EEA [2009] for gasoline engines.  
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Table 4.4 Annual service and median life (in hours) for different engine size and type.  
Engine Type Engine Size
1 
Annual Service (hrs) Median Life in U.S. (hrs)  
Diesel
2
  Gasoline
2 
Diesel
3 
Gasoline
3 
Agriculture 
Engines 
Small or 2stk 450 100 4000 350 
Medium or 4stk-l 400 50 6000 800 
Large or 4stk-h 450 150 10000 4000 
Construction 
and Mining 
Engines 
Small or 2stk 400 150 4000 350 
Medium or 4stk-l 450 200 6000 800 
Large or 4stk-h 500 400 10000 4000 
Industrial 
Engines 
Small or 2stk 1100 500 6000 2500 
Medium or 4stk-l 1200 700 8500 3500 
Large or 4stk-h 1200 800 15000 6500 
1 Small, medium, and large engines are diesel engines while 2-stroke (2stk), low power 4-stroke (4stk-l), and high power 4-stroke 
(4stk-h) engines are gasoline engines. 
2 Averaged annual activities from NONROAD model [USEPA, 2011] according to engine types and sizes. 
3 Averaged median life of engines in USEPA [2010a] according to engine types and sizes in this study. 
(1) Median Life 
Median life is the cumulative service at which 50% of the engines have retired. I summarized 
median life of engines in the United States as used in USEPA [2010a] for different engine sizes 
as shown in Table 4.4. This median life calculated from USEPA [2010a] included the effects of 
load factors which are used to indicate the average proportion of rated power used due to the fact 
that nonroad engines are usually operated lower than the highest rated power. The load factors 
included the effects of operation at idle and partial load conditions, as well as transient operation. 
For engines with the same expected engine lifetime at full load, engines with lower load factors 
will have longer median life because they are usually operated at lower rate power. Engine load 
factors are different for different types of nonroad engines such as 0.59 for diesel agricultural 
tractor, 0.21 for diesel material handling equipment, 0.62 for 2-stroke agriculture equipment, 
0.30 for 4-stroke forklift [USEPA, 2010a].  
Because of differences in engine usage, median life probably varies among regions, but engine 
life data are not available for other regions. Yan et al. [2011] reviewed the factors affecting 
retirement rate of on-road vehicles and found that the most important factor was the cost of 
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repair relative to the cost of a new vehicle. For example, regions with low income (i.e., Africa, 
South Asia) have longer median lifetime because maintenance cost is much lower than cost of 
the new engine. As in Yan et al. [2011], I assumed that median life depends on the ratio between 
local and global GDP per capita. The regional GDP per capita captures maintenance costs of the 
engine while global GDP per capita is an estimate of new engine cost, as engines can be built 
anywhere in the world. In some economic scenarios, the difference between median life of low- 
and high-income regions will decrease with time because the ratio between local and global GDP 
per capita will increase when time progress. I used a ratio between median life of heavy duty 
vehicles in nine regions (data from 20 countries, Appendix C) and median life of heavy duty 
vehicles in the United States with a ratio between local and global GDP per capita of those nine 
regions and the United States to estimate the retirement rates in other regions. The derived data 
show a loose linear relationship (r
2
 = 0.25) between two ratios (Equation (4.6)). The sensitivity 
of this relationship with global emissions is studied in Section 4.6.  
Median Life = Median Life in U. S. x (1.75 − 0.15𝑟𝐺𝐷𝑃)                     (4.6) 
when median life is the estimated median life in hours, median life in U.S. is a median life in 
hours (summarized in Table 4-3), rGDP is a ratio between regional and global GDP per capita.  
Task 1b(vi): Estimate Implementation Dates of Nonroad Engine Regulations 
Emission standards are regulations that limit the amount of pollutants released to the 
environment [dieselnet, 2010; USEPA, 2011]. The timing of standard introduction affects the 
type of engines in use and hence the total emissions. The planned and estimated implementation 
year of nonroad regulations are summarized in Table 4.5 and 4.6 for diesel and gasoline engines, 
respectively.  
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Table 4.5 Nonroad diesel emission standard implementation year. 
Region  
Standard Implementation Year
1 
Small engine Medium engine Large engine 
T1/S12 T2/S22 T3/S3A2 T4/S3B2 T1/S12 T2/S22 T3/S3A2 T4A/S3B2 T4B/S42 T1/S12 T2/S22 T3/S3A2 T4A/S3B2 T4B/S42 
Canada - 20063 - 2010 - 20063 20083 2012 2015 - - 20063 2012 2015 
U.S. 20003 20053 - 20083 19983 20043 20083 20103 20133 19963 20023 20063 20113 20143 
Central America 2023 2029 - 2033 2023 2029 2033 2037 2040 2023 2029 2033 2037 2040 
South America 2015 2021 - 2025 2015 2017 2020 2025 2028 2015 2017 2020 2025 2028 
Northern Africa 2036 2042 - 2046 2036 2038 2041 2046 2049 2036 2038 2041 2046 2049 
Western Africa 2067 2073 - 2077 2067 2069 2072 2077 2080 2067 2069 2072 2077 2080 
Eastern Africa 2072 2078 - 2082 2072 2074 2077 2082 2085 2072 2074 2077 2082 2085 
Southern Africa 2040 2046 - 2050 2040 2042 2045 2050 2053 2040 2042 2045 2050 2053 
OECD Europe - 20023 20053 - 20013 20043 20073 20123 20143 20013 20023 20063 20093 20123 
Eastern Europe 2015 2021 - 2025 2015 2017 2020 2025 2028 2015 2017 2020 2025 2028 
Former USSR 2019 2025 - 2029 2019 2021 2024 2029 2032 2019 2021 2024 2029 2032 
Middle East 2021 2027 - 2031 2021 2023 2025 203/ 2033 2021 2023 2025 2030 2033 
South Asia - 20103 - 2014 - 20113 2015 2019 2022 - 20113 2015 2019 2022 
East Asia 20073 20123 - 2016 20073 20093 2012 2017 2020 20073 20093 2012 2017 2020 
Southeast Asia 2019 2025 - 2029 2019 2021 2024 2029 2032 2019 2021 2024 2029 2032 
Oceania 2015 2021 - 2025 2015 2017 2020 2025 2028 2015 2017 2020 2025 2028 
Japan 20033 20083 - 2012 - - 20063 2011 2014 - - 20063 2011 2014 
1 First nonroad engine emission standard implementation is assumed to be 20 years after the first nonroad standards in regions where there are no planned emission standards  
2 T = Tier standard and S = Stage standard  
3 Planned emission standards 
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Table 4.6 Nonroad gasoline emission standard implementation year. 
Region  
Standard Implementation Year
1 
2-stroke engine Low-power 4-stroke engine High-power 4-stroke engine 
Phase 1 Phase 2 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 
Canada 2005
2
 2010 2005
2
 2009 2019 2015 2018 
U.S. 1997
2
 2002
2
 1997
2
 2001
2
 2011
2
 2004
2
 2007
2
 
Central America 2023 2028 2023 2027 2037 2030 2033 
South America 2015 2020 2015 2019 2029 2022 2025 
Northern Africa 2036 2041 2036 2040 2050 2043 2046 
Western Africa 2067 2072 2067 2071 2081 2074 2077 
Eastern Africa 2072 2077 2072 2076 2086 2079 2082 
Southern Africa 2040 2045 2040 2044 2054 2047 2050 
OECD Europe 2005
2
 2008
2
 2005
2
 2008
2
 2018 2015 2018 
Eastern Europe 2015 2020 2015 2019 2029 2022 2025 
Former USSR 2019 2024 2019 2023 2033 2026 2029 
Middle East 2021 2026 2021 2025 2035 2028 2031 
South Asia 2015 2020 2015 2019 2029 2022 2025 
East Asia 2015 2020 2015 2019 2029 2022 2025 
Southeast Asia 2019 2024 2019 2023 2033 2026 2029 
Oceania 2008
2
 2010
2
 2008
2
 2010
2
 2020 2015 2018 
Japan 2015 2020 2015 2019 2029 2022 2025 
1 First nonroad engine emission standard implementation is assumed to be 20 years after the first nonroad standards in regions where there are no planned emission standards  
2 Planned emission standard
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Nonroad Diesel Engine Regulations 
Few countries have regulated emission standards for nonroad engines. Two well-known sets of 
emission regulations are used in the United States (“Tiers”) and Europe (“Stages”). These are 
known as Tier 1, Tier 2, and so on; the higher the tier or stage, the lower the allowable 
emissions. Other regions have elected to follow the United States (Canada, Central America and 
South Asia) or European (other regions) progression, although with different implementation 
dates.  
For each engine size (small, medium, and large), engines built to seven categories for the United 
States standard and European standard are tracked separately: no regulation, Tier 1/Stage 1, Tier 
2/Stage 2, Tier 3/Stage 3a, Tier 4a/Stage 3b, Tier 4b/Stage 4, and highly emitting engines 
(superemitter).  
Most countries have not yet committed to nonroad emission standards, so an estimate of 
implementation date is needed. The estimation of nonroad standards given here was assumed 
based on the tabulated regulations of on-road in Yan et al. [2011] and nonroad engines based on 
committed, planned, or estimated regulations. Historically, implementation of the first nonroad 
engine standard is around 9 years later than that of on-road engine standard [dieselnet, 2010]. 
However, these values are too soon for most regions, because it predicts that nonroad standards 
should be implemented before 2010, while there are no emission standards in most regions as of 
2014. I assumed that nonroad emission standards begin 20 years after the on-road emission 
standards. This assumption predicts that the first nonroad diesel emission standard 
implementation in 2015 in South America, Eastern Europe, and Oceania (soonest possible 
considering that there is no implementation plan in 2013).  
Nonroad Gasoline Engine Regulations 
Emission standards for nonroad gasoline engines are implemented for all engine size in the 
United States [USEPA, 2012] and small engines (< 18 kW) in Europe, Canada, and Australia 
[Environmental Link and Vehicle Design and Research P/L, 2007]. The United States standards 
are called “Phase,” for example, “Phase 1”, “Phase 2”, and “Phase 3”. Other regions, where 
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emission standards have already been implemented, also use the same standards as USEPA 
[2012] with different implementation dates. 
For 2-stroke engines and high power 4-stroke engines, I track four engine types separately:  no 
regulation, Phase 1, Phase 2, and highly emitting engines (superemitter). For low-power 4-stroke 
engines, I track five categories: no regulation, Phase 1, Phase 2, Phase 3, and superemitter.  
These categories represent the standards that are applied to each engine type.  
To set the standard implementation year, I assumed that nonroad gasoline emission standards 
would be implemented during the same year as nonroad diesel emission standards (as in the 
United States and Canada). However, high power 4-stroke gasoline engines are regulated only in 
the U.S. where Canada and OECD Europe do not have emission standards. In the U.S., the first 
emission standards for high power 4-stroke gasoline engines are regulated 7 years after the first 
other gasoline nonroad emission standards. Based on this information, I assumed that other 
regions will implement emission standards for high power 4-stroke engines 7 years after the 
other gasoline standards were implemented, but not be earlier than 2015. 
Task 1b(vii): Estimate Superemitter Generation Rates  
For many air pollutants, vehicles using the poorest technology or with the worst maintenance 
contribute significantly to emissions. Hansen and Rosen [1990], Lawson et al. [1993], and Zhang 
et al. [1995] discussed that a small fraction of on-road engines (around 10%) may contribute 
around half the emissions. It is reasonable to assume that nonroad engines have superemitters as 
well; in fact, because there is little emission inspection, superemitters may be more prevalent 
among nonroad engines. The fractions of superemitters are chosen based on Bond et al. [2004], 
which are 5% for the U.S. and Europe, 10% for Eastern Europe, and 20% for Asia and Latin 
America. These values are used in the base-year inventory while the rate of superemitter 
generation is represented by a logistic function as discussed in Yan et al. [2011]. The modified 
logistic function to represent the rate at which normal vehicles become superemitters is: 
fr(s) =
gain
1+exp [αsup(1−s/L50,sup )]
                                                 (4.7)  
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where s is vehicle age, fr is the fractional rate at which normal vehicles become superemitters 
(fraction per year); sup determines the slope of this curve with age, L50,sup is the vehicle life at 
which the rate becomes half the maximum, and gain is the maximum rate of superemitter 
transition for the oldest engines. The parameters (sup = 6; L50,sup = 7; gain=0.017) were chosen 
by comparing superemitter populations estimated by SPEW-Trend in 2000 with those in Bond et 
al. [2004]’s inventory.  
Objective 1c, Develop Sensitivity Analysis for Emission Projections  
4.6 Sensitivity Analysis for Emission Projections 
In this section, I report sensitivity analysis to explore how individual factors affect emissions. 
This sensitivity analysis differs from studies of total uncertainty, which require a full 
characterization of uncertainty in all parameters. With very limited regional data available for 
nonroad engines, sensitivity analyses can identify which parameters should be investigated in 
order to improve confidence in model prediction [Webster et al., 2002], and are more appropriate 
than uncertainty studies. I alter the parameters, which will be discussed in each task, by ±50% of 
baseline values, if the actual ranges of those parameters are not available. This 50% value is 
somewhat arbitrary, and is designed to explore sensitivity. The physical meaning of the 50% 
variation is also explored to ensure that this choice is reasonable. The conclusion from this 
sensitivity will be the comparison among different factors. This sensitivity will help prioritize 
needs to acquire the data that have the greatest effect on nonroad emission estimation. Sources of 
uncertainty investigated in this study included fuel consumption prediction, engine size 
composition, retirement rate, superemitter development rate, standard implementation, and 
emission factor levels.  
Task 1c (viii): Fuel Consumption 
Fuel consumption is one of the major factors affecting emission projection. The historical fuel 
consumption data from IEA [2012a, b] provide total fuel consumption in the industrial sectors, 
which can be separated into fuel consumption in industry, CM, and boilers. However, the amount 
of fuel consumption used in external combustion (boilers) is assumed based on limited data. In 
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the baseline case, the amount of diesel fuel used for boiler application is assumed to be 30% of 
total industrial fuel consumption. This fraction is probably different by regions, and changes with 
time. To date, there is not enough data to determine this fraction. Thus, I alter the fraction of fuel 
consumption in boiler to 15% and 45% (±50%) of the total fuel consumption in the industrial 
sector in IEA [2012a, b]. 
The assumptions underlying fuel consumption projection in the agricultural sector are another 
uncertain parameter. Because this fuel consumption is subsumed in “other sector” in RIVM 
[2001], growth rates do not clearly represent changes in the agriculture sector. Future agriculture 
fuel consumption in this study was predicted based on historical data of GDP and crop area 
(Task 1a(ii)). This estimation curve is imperfect and represents some of the regions poorly. 
Equation (4.1) can be rewritten as: 
𝐼𝑛𝑡𝑑𝑖𝑒𝑠 =  
0.0082
1 + exp(3 − 53.08 × 𝑃𝑟𝑜𝑑𝑎𝑔)
                                (4.1) 
𝐼𝑛𝑡𝑑𝑖𝑒𝑠 =
s
1 + exp (c − m𝑃𝑟𝑜𝑑𝑎𝑔)
                                      (4.1) 
when s is the stabilized fuel consumption level, c is constant, and m is the coefficient of 
productivity. I varied these three parameters to represent two extreme cases (Figure 4.3). The 
values for case 1 are 0.0095, 3.5, and 400 for s, c, and m while the values for case 2 are 0.0083, 
5.2, and 53 for s, c, and m, respectively. The coefficients were selected to bound the curve.  
Task 1c (ix): Engine Population 
In this study, engine sizes for all regions were developed based on engine size data in the United 
States and New Zealand. Sizes may differ among regions because of prevailing business and 
regional preferences. In this Task, I varied composition of engine size population (by ±50%) that 
would reflect the fuel-base size fraction (Task 1b(iv)). The sensitivity was performed for each 
engine size separately. Table 4.7 summarized changes in population for each engine size in 
different model runs. 
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Figure 4.3 Two extreme estimation curves (dashed lines) for future agricultural fuel 
consumption prediction. The colored points show observations in each region used for the 
estimation. 
Table 4.7 Changes in engine population for six sensitivity studies. 
Diesel Engines
 
Gasoline Engines
 
Run 
# 
Population 
Small 
Population 
Medium 
Population 
Large 
Run 
# 
Population 
2 stk 
Population 
4 stk-l 
Population 
4 stk-h 
1 
Increase 
50% 
- - 7 
Increase 
50% 
- - 
2 
Decrease 
50% 
- - 8 
Decrease 
50% 
- - 
3 - 
Increase 
50% 
- 9 - 
Increase 
50% 
- 
4 - 
Decrease 
50% 
- 10 - 
Decrease 
50% 
- 
5 - - 
Increase 
50% 
11 - - 
Increase 
50% 
6 - - 
Decrease 
50% 
12 - - 
Decrease 
50% 
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Task 1c (x): Retirement Rate 
Retirement rate affects engine age, which affects new and old engine population, emissions of 
aged engines through emission degradation, and superemitter transition. In this study, three 
factors are associated with changes in retirement rate: (1) baseline median life, (2) income 
(regional GDP per capita), which modifies the baseline median life, and (3) the shape of 
retirement curve. 
For income, the assumption in the baseline simulation was that the engine age decreased as 
regional GDP per capital became smaller relative to global GDP per capita, as shown in Equation 
(4.6) 
𝐿50 = 𝐿50,𝑏𝑎𝑠𝑒 x (β1 − β2
GDP local
GDP global
)                                      (4.6) 
where β1 and β2 are factors determining median life and the strength of the relationship between 
the GDP ratio, respectively. This relationship was developed by Yan et al. [2010] based on data 
from on-road vehicles in 7 countries. In this sensitivity analysis, I created two cases where 1) 
median life is not related to GDP ratio, and 2) median life is highly related to GDP ratio. The β1 
and β2 are 1 and 0 for the first case, and 3.17 and 0.32 for the second case which is the steepest 
line from the relationship developed by Yan et al. [2010]. 
Baseline median life (L50, base) was obtained from data reported in the United States (Table 4.4). I 
altered this baseline value by ±50% for all engine groups to study the sensitivity of this 
parameter. 
For the shape of the retirement curve (Equation (4.5)), the shape factor of 5.5 was acquired from 
the curve fitting of USEPA scrappage curve. I altered the shape factor by increasing and 
decreasing its value by 50% (2.8 and 8.3, respectively). The resulting scrappage curves are 
shown in Figure 4.4.  
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Figure 4.4 Changes in scrappage curves by altering shape factors explored for sensitivity 
study of retirement parameters. The black line shows the scrappage curve used in the 
baseline scenario. The red and green dotted lines show increasing and decreasing shape 
factor in Eq. 4-5 by ± 50%.  
Task 1c (xi): Superemitter Development Rates 
Superemitters contribute large amounts of emissions, especially as normal engines are cleaned 
up by incoming standards [Yan, et al., 2011]. In SPEW-Trend, it is assumed that the fraction of 
normal emitters that become superemitters depend on ages of normal emitters. However, all 
parameters describing the prevalence and evolution of superemitters are uncertain, especially for 
nonroad engines for which emission testing is sparse. Furthermore, the separation between 
superemitters and normal engines is not clear.  
Equation (4.7) represents the rate of superemitter generation as a function of age. Three 
parameters determine the rate (baseline: gain=0.017, sup = 6, and L50,sup = 7). I altered each of 
these parameters by 50% of the baseline value for six sensitivity studies. The choice of 50% 
alteration is arbitrary because of lack of data; it is intended only to examine whether emission 
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projections are sensitive to these parameters. The resulting rates for the base case and each 
sensitivity test are presented in Figure 4.5.        
 
Figure 4.5 Superemitter development rates for sensitivity studies as a function of vehicle 
age. The black line shows the rates in the base case while other curves show rates when 
changing individual parameters in Eq. 4-8 by ±50% from baseline values. 
Task 1c (xii): Timing of Emission Standard Implementation 
Emission standards affect emissions of the engine fleet by introducing new, emission-limited 
engines. In this study, emission standards in most regions were assumed to follow observed 
history by introducing nonroad standards in a fixed period after the first on-road standards were 
implemented. 
I explored emission sensitivity by changing the timing of standard implementation in two cases. 
However, these changes do not affect regions where nonroad emission standards have already 
been planned or implemented. In one case (“sooner implementation”), the introduction of 
standards is five years sooner than in the baseline, but not earlier than 2015. In Western and 
Eastern Africa, emission standards are assumed to be implemented in 2035, which around 30 
years sooner. In another case (“later implementation”), the introduction of standards is 5 years 
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later than in the baseline.      
Task 1c (xiii): Emission Factors 
Emission factors are highly dependent on engine technology (and emission standard). New 
engines, are designed to have emissions lower than standards in the country where engine are 
sold  Because there is no available emission testing of nonroad engines, ranges of emission 
factors are estimated based on on-road testing results. This sensitivity study examines the effect 
of uncertainties in the emission factor.  
For normal diesel engines, I estimated uncertainty factors from a database of emission factors of 
diesel engines with less than 200000 operating miles [Yanowitz et al., 2000]. The ratios between 
the 75
th
 percentile and the average emission factor, and the 25
th
 percentile and the average 
emission factor, were calculated. These uncertainty factors were then multiplied by emission 
factors of new engines (Table 3.4 and 3.5). However, the emission factor for new engines was 
capped by the emission standard. For superemitters, I assumed that the values remained the same 
as the baseline, but not lower than emission factors of normal engines. Emission factors of diesel 
engines for the 75th and 25
th
 percentile cases are summarized in Table 4.8 and 4.9 for U.S. and 
European standards. 
For gasoline engines, the ratios between the 75
th
 percentile and the average, and the 25
th
 
percentile and the average, were developed from 40 remote sensing tests from Arizona in 2006, 
Denver in 2007, Utah in 1991 and Oklahoma in 2005 [Fuel Efficiency Automobile Test, 2013]. 
The 40 vehicles selected were those registered in the latest year of each study, to ensure that they 
are new vehicles. These ratios were applied to normal nonroad gasoline engines, and again, 
superemitter emission factors remained the same. Emission factors of gasoline engines for the 
25
th
 and 75
th
 percentile cases are summarized in Table 4.10. 
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Table 4.8 Highest and lowest emission factors for new diesel engines under U.S. emission standard (Highlight celled represent 
the same emission factors between U.S. and European standards). 
Engine 
Size/type 
Standard 
Highest New Engine Emission Factors (g/kg-fuel)
1
 Lowest New Engine Emission Factors (g/kg-fuel)
2
 
CO HC NOx PM OC BC CO HC NOx PM OC BC 
Small 
Engine 
Tier 0 43.66 17.72 53.51 10.22 1.69 4.419 21.83 6.33 38.92 3.65 0.60 1.578 
Tier 1 26.55 5.26 25.42 3.15 0.52 1.361 14.09 1.88 18.49 1.12 0.19 0.486 
Tier 2 26.55 4.58 23.75 2.80 0.46 1.210 14.09 1.64 17.27 1.00 0.17 0.432 
Tier 3 26.55 4.58 23.75 2.80 0.46 1.210 14.09 1.64 17.27 1.00 0.17 0.432 
Tier 4a 18.24 3.60 23.75 1.10 0.18 0.809 9.12 1.29 17.27 0.39 0.07 0.289 
Tier 4b 18.24 3.60 23.75 1.10 0.18 0.809 9.12 1.29 17.27 0.39 0.07 0.289 
Super 1 91.60 17.72 64.58 10.22 1.69 4.419 91.60 15.03 64.58 9.89 1.64 4.277 
Super 2 32.88 5.26 43.91 3.60 0.60 1.555 32.88 4.89 43.91 3.60 0.60 1.555 
Medium 
Engine 
Tier 0 30.57 11.60 50.24 7.31 1.21 3.160 15.28 4.14 36.54 2.61 0.43 1.128 
Tier 1 18.31 4.10 29.88 2.98 0.49 1.289 9.15 1.46 21.73 1.38 0.23 0.596 
Tier 2 17.20 3.33 29.88 1.61 0.27 0.698 8.60 1.19 21.73 0.75 0.12 0.323 
Tier 3 17.20 3.33 29.88 1.61 0.27 0.698 8.60 1.19 21.73 0.75 0.12 0.323 
Tier 4a 11.13 1.41 1.43 0.78 0.17 0.519 5.56 0.50 1.04 0.28 0.06 0.185 
Tier 4b 11.13 1.02 1.43 0.10 0.02 0.022 5.56 0.36 1.04 0.04 0.01 0.008 
Super 1 59.50 11.70 50.24 12.13 2.01 5.246 59.50 11.70 48.89 12.13 2.01 5.246 
Super 2 21.36 4.10 51.60 4.41 0.73 1.908 21.36 3.80 51.60 4.41 0.73 1.908 
Large 
Engine 
Tier 0 22.02 7.22 56.42 5.19 1.91 2.389 11.01 2.58 41.04 1.85 0.68 0.853 
Tier 1 12.55 2.35 34.86 2.18 0.52 1.245 6.28 0.84 25.35 0.86 0.21 0.489 
Tier 2 3.85 2.35 34.86 0.81 0.19 0.461 1.93 0.84 25.35 0.32 0.08 0.181 
Tier 3 3.85 2.35 34.86 0.81 0.25 0.453 1.93 0.84 25.35 0.32 0.10 0.178 
Tier 4a 2.49 0.66 13.89 0.07 0.06 0.004 1.25 0.24 10.11 0.02 0.02 0.002 
Tier 4b 2.49 0.66 1.67 0.07 0.06 0.004 1.25 0.24 1.21 0.02 0.02 0.002 
Super 1 40.79 7.22 57.05 7.55 1.91 4.304 40.79 6.71 57.05 7.55 1.80 4.304 
Super 2 14.64 2.35 60.22 2.74 0.66 1.565 14.64 2.18 60.22 2.74 0.66 1.565 
1 Calculated from ratio between 75th percentile and average of heavy duty on-road emission factors 
2 Calculated from ratio between 25th percentile and average of heavy duty on-road emission factors  
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Table 4.9 Highest and lowest emission factors for new diesel engines under European emission standard (Highlight celled 
represent the same emission factors between U.S. and European standards). 
Engine 
Size/type 
Standard 
Highest New Engine Emission Factors (g/kg-fuel)
1
 Lowest New Engine Emission Factors (g/kg-fuel)
2
 
CO HC NOx PM OC BC CO HC NOx PM OC BC 
Small 
Engine 
Stage 0 43.66 17.72 53.51 10.22 1.69 4.419 21.83 6.33 38.92 3.65 0.60 1.578 
Stage 1 28.18 5.26 25.42 3.15 0.52 1.361 14.09 1.88 18.49 1.12 0.19 0.486 
Stage 2 28.18 5.26 25.42 3.15 0.52 1.361 14.09 1.88 18.49 1.12 0.19 0.486 
Stage 3A 28.18 5.26 25.42 3.15 0.52 1.361 14.09 1.88 18.49 1.12 0.19 0.486 
Stage 3B 18.24 4.13 25.42 2.47 0.41 1.069 9.12 1.48 18.49 0.88 0.15 0.382 
Stage 4 18.24 4.13 25.42 2.47 0.41 1.069 9.12 1.48 18.49 0.88 0.15 0.382 
Super 1 91.60 17.72 64.58 10.22 1.69 4.419 91.60 15.03 64.58 9.89 1.64 4.277 
Super 2 32.88 5.26 43.91 3.60 0.60 1.555 32.88 4.89 43.91 3.60 0.60 1.555 
Medium 
Engine 
Stage 0 30.57 11.60 50.24 7.31 1.21 3.160 15.28 4.14 36.54 2.61 0.43 1.128 
Stage 1 18.31 4.10 29.88 2.89 0.48 1.249 9.15 1.46 21.73 1.38 0.23 0.596 
Stage 2 16.45 4.10 22.73 1.86 0.31 0.806 8.23 1.46 16.53 0.89 0.15 0.385 
Stage 3A 16.45 0.93 16.58 1.61 0.27 0.698 8.23 0.33 12.06 0.77 0.13 0.333 
Stage 3B 10.30 0.52 13.15 0.10 0.02 0.022 5.15 0.19 9.56 0.03 0.01 0.008 
Stage 4 10.30 0.47 1.43 0.10 0.02 0.022 5.15 0.17 1.04 0.03 0.01 0.008 
Super 1 59.50 11.70 50.24 12.13 2.01 5.246 59.50 11.70 48.89 12.13 2.01 5.246 
Super 2 21.36 4.10 51.60 4.41 0.73 1.908 21.36 3.80 51.60 4.41 0.73 1.908 
Large 
Engine 
Stage 0 22.02 7.22 56.42 5.19 1.91 2.389 11.01 2.58 41.04 1.85 0.68 0.853 
Stage 1 12.55 2.35 34.86 2.18 0.52 1.245 6.28 0.84 25.35 0.86 0.21 0.489 
Stage 2 8.79 2.35 22.74 0.81 0.19 0.461 4.39 0.84 16.54 0.32 0.08 0.181 
Stage 3A 8.79 0.61 14.02 0.81 0.25 0.453 4.39 0.22 10.20 0.32 0.10 0.178 
Stage 3B 5.69 0.27 8.34 0.09 0.07 0.006 2.84 0.10 6.06 0.03 0.03 0.002 
Stage 4 5.69 0.27 1.67 0.09 0.07 0.006 2.84 0.10 1.21 0.03 0.03 0.002 
Super 1 40.79 7.22 57.05 7.55 1.91 4.304 40.79 6.71 57.05 7.55 1.80 4.304 
Super 2 14.64 2.35 60.22 2.74 0.66 1.565 14.64 2.18 60.22 2.74 0.66 1.565 
1 Calculated from ratio between 75th percentile and average of heavy duty on-road emission factors 
2 Calculated from ratio between 25th percentile and average of heavy duty on-road emission factors  
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Table 4.10 Highest and lowest emission factors for new gasoline engines. 
Engine 
Size/type 
Standard 
Highest New Engine Emission Factors (g/kg-fuel)
1
 Lowest New Engine Emission Factors (g/kg-fuel)
2
 
CO HC NOx PM OC BC CO HC NOx PM OC BC 
2-stroke 
Phase 0 1780.65 612.00 2.70 21.60 15.33 4.58 712.3 204.0 1.4 8.6 6.1 1.8 
Phase 1 1117.70 387.20 2.70 18.48 13.13 3.92 508.0 174.6 1.4 7.4 5.3 1.6 
Phase 2 1117.70 269.60 0.63 12.87 9.14 2.73 508.0 121.6 0.3 5.1 3.7 1.1 
Super 1 2135.49 1325.10 2.70 126.90 89.90 26.90 2135.5 1325.1 2.7 126.9 89.9 26.9 
Low 
power 4-
stroke 
Phase 0 1341.68 47.85 7.61 0.20 0.14 0.05 536.7 16.0 4.1 0.08 0.05 0.02 
Phase 1 1017.60 18.76 7.61 0.11 0.08 0.03 536.7 9.2 4.1 0.04 0.03 0.01 
Phase 2 1017.60 18.76 6.56 0.11 0.08 0.03 536.7 9.2 3.5 0.04 0.03 0.01 
Phase 3 1017.60 13.70 3.23 0.08 0.06 0.02 536.7 6.7 1.7 0.03 0.02 0.01 
Super 1 1878.40 87.85 7.61 0.97 0.69 0.21 1878.4 87.9 7.6 1.0 0.7 0.2 
High 
power 4-
stroke 
Phase 0 585.60 21.00 46.05 0.33 0.23 0.08 234.2 7.0 24.6 0.13 0.09 0.03 
Phase 1 166.70 3.74 9.56 0.06 0.05 0.02 81.5 1.4 5.5 0.02 0.02 0.01 
Phase 2 14.70 2.51 6.49 0.05 0.03 0.02 7.2 0.9 3.7 0.02 0.01 0.01 
Super 1 585.60 21.00 46.05 1.25 0.88 0.26 552.6 29.2 30.7 1.3 0.9 0.3 
1 Calculated from ratio between 75th percentile and average of on-road emission factors, using remote sensing data 
2 Calculated from ratio between 25th percentile and average of on-road emission factors, using remote sensing data 
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4.7 Results 
In this section, the results of modeling under four economic scenarios are discussed. Emissions 
of PM, BC, OC, NOx, CO, and HC depend on engine technologies and are estimated by SPEW-
Trend model. However, CO2 emission depends solely on fuel consumption and emission changes 
follow changes in fuel consumption. CO2 emissions over the study period have the same as that 
of fuel consumption discussed here. In the following sections, total global fuel consumption, 
emission trends, and emission intensity are discussed (Section 4.7.1). The presentation of global 
averages obscures some of the factors that affect emission changes. Regional fuel consumption 
and emission trends are examined next (Section 4.7.2). For simplicity in presentation, the 17 
modeled regions are aggregated into 10 regions that each have similar characteristics. The groups 
are: North America (Canada + U.S.), Latin America (Central + South America), Africa 
(Northern + Western +Eastern + Southern Africa), Europe (OECD + Eastern Europe), Former 
USSR, Middle East, South Asia, East Asia, Southeast Asia and Pacific (Oceania+ Japan). The 
contribution of different vehicle types to total emissions is presented in Section 4.7.3. In Section 
4.7.4, I compare emission estimated from this study with other studies. Finally, sensitivities of 
parameters used in global emission estimation are discussed in Section 4.7.5.  
4.7.1 Overview of Global Fuel Consumption and Emission Projection 
The projection of fuel consumption by nonroad engines in four economic scenarios is shown in 
Figure 4.6. The left y-axis shows absolute values, and the right y-axis shows values normalized 
to the last year of actual record, year 2010. Fuel consumption is not the product of this study, 
except for the projection of agricultural fuel consumption; rather, it is an output of the 
macroeconomic model.  
In all scenarios, fuel consumption increases at the beginning and decreases at the later stage of 
the study period. Scenario A1B shows the highest fuel consumption, which increases to 344 
Mt/yr (or 1.4 times the consumption in 2010) in 2042. It decreases to 328 Mt/yr at the end of the 
study period. On the other hand, scenario A2 shows the lowest rates of increases. In this 
scenario, fuel consumption increases to 259 Mt/yr (or 1.1 times the consumption in 2010) before 
starting to decrease after 2027 to 241 Mt/yr in 2050. For the B1 and B2 scenarios, fuel 
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consumption increases to a maximum at 272 and 285 Mt/yr in 2029 (B1) and 2032 (B2) before 
decreasing to 224 Mt/yr (slightly lower than consumption in 2010) and 239 Mt/yr in B1 and B2 
in 2050. 
 
Figure 4.6 Global fuel consumption: absolute magnitudes (left y axis) and normalized 
values to 2010 (right y axis). Note that both y-axes begin above zero. 
Global emission totals for PM, BC, OC, CO, NOx, and HC in all four scenarios are presented in 
Figure 4.7. For all pollutants, the highest emissions occur in scenario A1B while scenario A2 
shows the lowest emissions. These emission trends are the combination of the technology-based 
emission intensity (overall grams of pollutant per kilogram of fuel) and fuel consumption trends. 
Although fuel consumption increases in most of the projection periods, all emissions besides CO 
and HC decrease because of improved technologies.  
Emission intensities of all pollutants are presented in Figure 4.8. This term “emission intensity” 
refers to pollutant emissions per fuel burned from the entire fleet within an aggregated region or 
the entire globe, whereas the term “emission factor” indicates the emission per fuel for a 
particular type of engine. Factors affecting patterns of emission intensities will be discussed in 
Section 4.7.2). Numeric values of emissions of PM, BC, OC, NOx, HC, and CO for four 
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economic scenarios in 2010 (where the historical data ends), 2030, and 2050 are summarized in 
Table 4.11. 
 
Figure 4.7 PM, NOx, BC, OC, CO, and HC emissions from nonroad engines: absolute 
magnitudes (left y axis) and values normalized to 2010 (right y axis). Note that both y-axes 
begin above zero. 
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Figure 4.8 Global emission intensities (g/kg-fuel) for six pollutants under the A1B, A2, B1, 
and B2 scenarios. Note that some y-axes begin above zero. 
Global CO2 emissions follow fuel consumption trend. CO2 emissions increase from 750 Tg in 
2010 to the highest levels of 1082 Tg, 817 Tg, 856 Tg, and 896 Tg in the A1B, A2, B1, and B2, 
scenarios, respectively. The CO2 emission intensity is 3.15 g/kg-fuel with less than 1% variation 
during the projection period because of changes in gasoline and fuel consumption. 
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Table 4.11 Pollutant emissions in 2010, 2030, and 2050 under four economic scenarios. 
Economic 
Scenario 
Pollutants 
Emissions in Gg/yr 
Year 2010 Year 2030 Year 2050 
A1B 
PM 1270 820 500 
BC 570 350 180 
OC 380 290 220 
NOx 9890 6320 3660 
HC 4230 5480 6950 
CO2 750000 1020000 1030000 
CO 28900 44200 53000 
A2 
PM 1270 720 360 
BC 570 310 140 
OC 380 250 160 
NOx 9890 5510 2780 
HC 4230 4040 4510 
CO2 750000 812000 759000 
CO 28900 32200 34700 
B1 
PM 1270 750 370 
BC 570 320 140 
OC 380 260 160 
NOx 9890 5690 2750 
HC 4230 4750 4840 
CO2 750000 854000 703000 
CO 28900 38100 36800 
B2 
PM 1270 740 360 
BC 570 320 140 
OC 380 260 160 
NOx 9890 5670 2800 
HC 4230 4700 4700 
CO2 750000 895000 752000 
CO 28900 37200 34900 
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PM, NOx, BC, and OC emissions decrease during the projection period. For all scenarios, 
emissions start decreasing after 2010, when vehicles built to advanced standards penetrate the 
vehicle fleet. The rate of decrease is faster between 2020 and 2035 because of the reduction in 
emission intensity and stabilization of fuel consumption. After 2035, the reduction in global 
emissions is primarily from the decrease in fuel consumption. For the A1B scenario, emissions in 
2050 decrease to 40%, 40%, 30%, and 60% of  the emission levels in 2010 for PM, NOx, BC, 
and OC respectively. For other scenarios, emission levels in 2050 are at 20%, 30%, 20%, and 
40% of the emission levels in 2010 for PM, NOx, BC, and OC, respectively. 
Global CO and HC show higher emissions compared to the emissions in 2010 during the 
projection period. Increases in CO and HC emissions are caused by increases in fuel 
consumption and emission intensity. Emission intensity of gasoline engines is more than 20 
times higher than that of diesel engines (see Section 4.7.2); over the study period, an increase in 
gasoline fuel consumption occurs in nonroad engines. In the A1B scenario, where emissions 
increase more than in other scenarios, CO and HC emissions increase from 29 Tg and 4 Tg in 
2010, to 53 Tg and 7 Tg in 2050. In the A2 scenario, CO and HC emissions increase at the 
beginning of the projection period and decrease after 2025 (for CO) and 2020 (for HC). After 
2035, both CO and HC emissions in the A2 scenario increase again to 35 Tg and 5 Tg in 2050, 
respectively. In the B1 and B2 scenarios, CO and HC emissions follow the same trend: they 
increase at the beginning and decrease after 2040. CO and HC in 2050 are above 34000 Gg and 
4600 Gg in both the B1 and B2 scenarios. 
Figure 4.9 shows the division of fuel consumption, PM, BC, OC, CO, NOx, and HC for nonroad 
engines used in three sectors (agriculture, CM, and industry) in 2010 and 2050. This figure 
shows shifts in fuel consumption with time and with different scenarios. In 2010, the fraction of 
fuel consumption is from recorded data [IEA, 2012]. Agriculture has the largest fuel 
consumption (47%) and therefore has greater emissions than other sectors. Fuel consumption for 
industry and CM are the same at 27%. However, emissions from the CM sector are higher than 
emissions from the industrial sector because of differences in engine sizes and fuel types. For 
example, most gasoline engines in CM are low power 4-stroke engines, which have higher 
pollutant emissions than industrial engines where most engines are high power 4-stroke engines.     
 88 
 
Figure 4.9 Fractions of Fuel Consumption (FC), PM, CO, NOx, and HC for nonroad diesel 
engines used in different sectors for scenario A1B, A2, B1, and B2 in 2010 and 2050.  
In 2050, fractions of fuel consumption in all sectors remain similar in the A2 scenario. For other 
scenarios, the fraction of fuel consumption increases from 27% to 27-36% in industry while fuel 
consumption decreases from 47 to 34-43% in the agriculture sector. The CM sector is the major 
source of pollutants in 2050 because emission reductions in the major engine size (low power 4-
stroke engines) are smaller than those of other sectors. While engine size greatly affects 
emissions of gasoline engines, it has little effect on diesel engine emissions on a pollutant per 
fuel mass basis.  
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The two most different scenarios are A1B and A2, with B1 and B2 in between. In the A1B 
scenario, rapid economic growth occurs and it is assumed that the future world will focus on 
industrial development. Population growth is projected to be low. Thus, fuel consumption 
increases in the industry and CM sectors while it decreases in the agriculture sector. In scenario 
A2, population growth is assumed to be the highest, requiring more land and energy to produce 
food which leads to the highest fuel consumption in the agriculture sector among scenarios.  
4.7.2 Regional Emission Differences 
Averaged annual changes in fuel consumption and emissions from 2010 to 2050 are presented in 
Figure 4.10. Changes in fuel consumption are affected by the macroeconomic model projections 
(external to this study) and agricultural fuel projection (estimated in this study). Average annual 
fuel consumption and CO2 emissions have the same trend, increasing in all scenarios in Africa, 
South Asia, and Southeast Asia. The highest increase in annual fuel consumption is in South 
Asia and ranges from 1.4% to 3.5% among economic scenarios. On the other hands, average 
annual CO2 emissions and fuel consumption decrease in all scenarios in Middle East, Europe, 
and Pacific. The maximum decrease in fuel consumption is found in the Pacific where fuel 
consumption is reduced from 0.7% to 1.5% annually. 
For PM, NOx, and BC, annual average emissions decrease in most regions because of 
progressively tighter emission standards. Low emission reductions occur in South and Southeast 
Asia where annual fuel consumption increases greatly. Africa is an exception; because of rapid 
increases in annual average fuel consumption (especially in the A1B and B1 scenarios) and slow 
progression in emission standard implementation, annual average emissions increase in the A1B 
and B1 scenarios. For OC, annual average emissions also increase in the A1B and B1 scenarios 
in South Asia. 
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Figure 4.10 Average annual changes of fuel consumption, PM, BC, OC, CO, NOx, and HC 
emission between 2010 and 2050 in four scenarios.  
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Average annual CO and HC emissions increase in several regions. Average annual CO emissions 
increase in all scenarios in Africa, South Asia, and Southeast Asia where annual average fuel 
consumption also increases. Average annual HC emissions increase in Africa and South Asia in 
all scenarios, with larger increase in South Asia (2.4-4.1% per year). Average annual global CO 
and HC emissions increase in all scenarios with smaller increase in the A2 and B2 scenarios and 
higher increase in the A1B scenario. Other regions where CO or HC emissions increase in at 
least one scenario include Latin America, Africa, Middle East, East Asia, and Southeast Asia.  
Figure 4.11 shows regional emission intensities of PM, BC, OC, CO, NOx, and HC. Diesel and 
gasoline emission intensities are presented separately because their emission standard details and 
implementation are not the same. 
Nonroad Diesel Engines 
Emission intensity trends show four distinct patterns. The first pattern is in Africa where the first 
emission standard in the region is implemented in Northern Africa in 2036. Thus, emission 
intensity in this group is constant before it begins to decrease in 2036; it continues decreasing 
until the end of the study period. The second group includes Latin America, Middle East, Former 
USSR, and Southeast Asia. Emission intensity in this group starts at a high level without 
emission standards, but standards begin in 2015 and emissions decrease. The high emission 
intensity in the former USSR at the beginning of the study period comes from a large number of 
superemitters in this region.  High fraction of superemitters in former USSR came from the 
assumption that engine retirement depends on the ratio between regional and global GDP 
(Equation (4.6)). From 1989 to 2000, there was a 50% decrease in GDP per capita in former 
USSR, which causes engines to stay in the fleet longer compared to other regions. Thus, very 
small retirement is found in this region during this period. Increasing engine ages increases the 
amount of engines turning into superemitters (Equation (4.7)). The GDP per capita in this region 
start increasing again after 2000 and the fleet take 10 years to adjust the retirement rate in the 
region showing that fraction of superemitters decrease after 2020.    
The third group includes Europe, South and East Asia, and Pacific. In this group, emission 
intensities in 2010 are at different levels because of the existing emission standards in these 
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regions. Emission standards are implemented during the study period, so emission intensities 
reach their lowest values before 2040. The last group includes only North America where 
emission standard has progressed more than other regions by 2010. Thus, emission intensity is 
lower than other groups in 2010 and decreases to the lowest level sooner than other groups, 
before 2030. 
Nonroad Gasoline Engines  
For gasoline engines, emission trends fall into three groups. The first group includes Africa 
where emission standards are first introduced in 2036 and 2040 in North and South Africa, 
respectively. The second group includes Latin America, Middle East, Former USSR, South Asia, 
East Asia, and Southeast Asia. In this group, no emission standard occurs before 2010, but 
emission standards begin in 2015 in some regions. The third group includes North America, 
Europe and Pacific. This group begins with some emission standards in place, although emission 
standards for high power 4-stroke engines do not begin until 2015. Thus, in this group, emission 
intensity starts low and decreases even further. For NOx, emission intensities in Europe and 
Pacific start at a high level because no relevant high power 4-stroke emission standard is 
implemented in 2010.          
Fractions of regional contributions of fuel consumption and emissions are presented in Figure 
4.12. In 2010, the two highest fuel consumption regions are North America and East Asia, which 
consume 19% and 17% of the global fuel consumption. By 2050, Asia increases its share to 52% 
of global fuel consumption.  
In 2010, East Asia’s share of pollution is greatest of all the regions (19-20%). Other regions 
contribute 5-12% of total emissions. In 2050, South and East Asia become the two largest 
contributors because of their high fuel consumption. Even though Africa’s fuel consumption is 
low, slower implementation of emission standards than other regions makes Africa one of the 
largest emission contributors in 2050.      
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Figure 4.11 Regional emission intensity in scenario A1B for diesel and gasoline engines. Other scenarios show the same 
pattern, but different magnitudes.
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Figure 4.12 Fractional contribution of fuel consumption and emissions by different regions in scenario A1B; other scenarios 
show similar pattern. The upper chart shows fuel consumption and emissions in 2010 while the lower chart shows fuel 
consumption and emissions in 2050. 
2010 
2050 
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4.7.3 Emission Composition by Engine Type 
This model assumes that new nonroad engines placed in service in any region comply with 
current emission standards in the regions. Figure 4.13 shows global fuel consumption and 
emissions in scenario A1B. Other scenarios show the same emission patterns for different engine 
standards. 
In this study, engine technologies are regrouped into 7 standards (diesel engines) and 5 standards 
(gasoline engines) for ease of interpretation. For diesel engines, the seven standard groups are: 
no standard (Tier 0 + Stage 0), standard 1 (Tier 1 + Stage 1), standard 2 (Tier 2 + Stage 2), 
standard 3 (Tier 3 + Stage 3A), standard 4 (Tier 4A + Stage 3B), standard 5 (Tier 4B + Stage 4), 
and superemitters. For gasoline engines, the five standard groups are: no standard (Phase 0), 
standard 1 (Phase 1), standard 2 (Phase 2), standard 3 (Phase 3), and superemitters. Each 
standard group is one step reduction from the previous standard. For diesel engines, at the 
cleaner standard groups (standard 3, 4, and 5), U.S. and European engine technologies show 
similar emission characteristics, especially for PM and NOx. Gasoline emission standards 
progress to only standard 2 (2-stroke and high power 4-stroke engines) and standard 3 (low 
power 4-stroke engines).   
In 2010, global emissions are dominated by engines without standards (75-84% of total 
emissions). During this period, diesel engines are major sources of PM, BC, OC, and NOx 
emissions while gasoline engines are major sources of CO and HC emissions. Superemitters are 
also a large contributor of PM (15%), BC (18%), OC (15%), and NOx (13%). In 2030, cleaner 
engines with higher standards have penetrated the fleet and contribute 23-78% of global 
emissions. Engines without standards still contribute 20-27% of PM, BC, OC, and NOx in 2030, 
although the absolute magnitude is reduced.   
For NOx emissions, diesel engines are major contributors throughout the study period while 
gasoline engines contribute from 4% in 2010 to 11% in 2050. In 2010, engines without standards 
contribute 75% of total emissions, while standard 1, 2, and 3 engines contribute 3-5% each to 
total emissions. Another large contributor is superemitters which contribute 13% of total NOx 
emissions. By 2050, 16% of total emissions come from gasoline standard 2, diesel no-standard, 
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and diesel standard 5 while the majority of emissions (49%) come from superemitters. 
 
Figure 4.13 Global fuel consumption, PM, BC, OC, CO, NOx, and HC emission 
contributions by different engine standards in scenario A1B; other scenarios show similar 
emission development with engine technologies. The lighter colors show gasoline 
technologies while darker color shows diesel technologies. 
For PM, BC, and OC, diesel engines dominate total emissions in 2010. At this time, no-standard 
engines dominate emissions with 64-72% (depending on the pollutant), with superemitters also 
providing an important fraction (15-18%). In 2010, diesel engines emit more particles per fuel 
burned than gasoline engines. However, because incoming standards reduce diesel emissions 
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more than they do gasoline emissions, the fraction of total PM emission attributed to diesel 
engines decreases with time. In 2030, diesel no-standard engines and gasoline standard 2 engines 
become major fuel consumption sources, contributing 62% of total PM emissions. After 2025, 
gasoline standard 2 engines become a progressively larger source, emitting 15% in 2030 and 
38% in 2050. Diesel superemitters contribute 14-38% of total particle emissions in 2050. 
For CO and HC, gasoline engines are major sources over the study period. Because of changes in 
the fleet, dominant emitters shift from no-standard engines in 2010 (59% for HC and 64% for 
CO) to standard-2 engines by 2030 (50% of CO and 71% of HC). For CO, because there is no 
reduction between standard-2 and standard-3 engines, as emissions from both engines are still 
the largest sources in 2050 (86%). On the other hand, standard-2 engines are the only major 
pollution source for HC in 2050 (83%) because standard-3 engines are much cleaner and 
consume less fuel. Superemitters are smaller contributors of CO and HC, as compared with other 
pollutants.      
Figure 4.14 shows progression of newer engines into the fleet in 2010, 2030, and 2050 for 
different regions and pollutants. In 2010, no-standard engines consume more than 50% of fuel in 
each region consumption, except North America where standards are already progressing into 
the fleet. In 2030, the cleanest engines consume most of the fuel in most regions. However, there 
is a slower progression in Africa where more than 80% of total fuel consumption is used in no 
standard engines. In 2050, engine fleet has become cleaner in all regions, but engines with no 
standard still exist in the fleet in most regions. Fuel consumption of superemitters in 2010 are 5-
11% of regional consumption in all regions, except 32% in Former USSR because of predicted 
longer engine lifetime every year between 1989 and 2000, leading to more engines turning to 
superemitters than other regions. These superemitter fractions change with time, and become 5-
12% and 6-16% in 2030 and 2050, respectively.  
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Figure 4.14 Total fuel consumption and emission fractional contribution of different engine 
types (%) in 2010, 2030, and 2050 of scenario A1B; other scenarios show similar patterns. 
The lighter color shows gasoline technologies while darker color shows diesel technologies. 
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No-standard engines and superemitters are major emission sources in 2010. In North America, 
with advanced emission standards, more than 50% of total emissions are from engines built to 
standards. Standard progression is also faster in Europe and the Pacific. Superemitters contribute 
7-40% to total particulate and NOx emissions in different regions, with largest emissions in 
former USSR (35% of total PM emissions, compared to 8-19% in other regions). 
In 2030, the engine fleet has become cleaner because of engines built to higher standards, but no-
standard engines are still the largest emission sources in most regions. In Africa and the Middle 
East, emission standard progression is slower than other regions, and no-standard engines 
contribute 80-90% of emissions in Africa and Middle East. In North America, Europe, and 
Pacific, superemitters contribute 26-40% of PM, greater contribution than in other regions 
because normal vehicles are cleaner.   
In 2050, most fuel is used in the cleanest engines available in all regions, except in Africa and 
the Middle East. Because the normal fleet is clean, the fraction of emissions from superemitters 
is large in all regions for PM and NOx emissions, although Africa is an exception for NOx. 
Superemitters contribute 70% and 53% of PM and BC in Europe and North America, 
respectively, and 20-50% in other regions. They are the largest emission sources for NOx and 
contribute more than 50% in all regions, except Africa. Standard-2 and standard-3 engines are 
major sources of CO emissions in 2050. They emit more than 60% of total CO emissions in 
2050, except in Africa where half of emissions come from no-standard engines. For HC, 
standard-3 engines are the predominant source in 2050, contributing more than 75% in all 
regions, except Africa. 
4.7.4 Emission Projection Comparison with Other Studies 
Fuel consumption and emissions from this study for scenario A1B and A2, the highest and 
lowest emission scenarios, are used to compare with other studies. The other two sources of 
emission inventory and projection are NONROAD [USEPA, 2011] and GAINS model [GAINS, 
2013]. A brief discussion of methodology in both studies is presented in Section 1.3.1. Table 
4.12 shows a comparison of fuel consumption and emissions among the three studies. 
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In Europe, fuel consumption in this study is comparable (less than 18% difference) to GAINS in 
both 2010 and 2030. Emissions in 2030 are comparable between GAINS and this study for 
particulate matter and its components (BC and CO). Year 2030 gaseous emissions (CO, NOx, 
and HC) in this study are about two times lower than those of GAINS, because of differences in 
emission factors. In this study, emission factors of future engines are predicted using the 
reduction factor approach, which assumes that future emissions will be lower than emission 
standards, while GAINS follows EMEP/EEA [2009], which assumes that future emission factors 
will be the same as emission standard levels. The larger difference in gaseous emissions, 
compared with particulate emissions, occurs because GAINS assumes that small diesel engines 
will not be subject to applied standards worldwide, while this study assumes that  European 
emission standard try to align its small engine standards with the U.S. standard as European 
parliament announced in 2002 [dieselnet, 2010]. 
In the United States, fuel consumption in this study is 2-3 times higher than fuel consumption in 
GAINS. However, because of higher emission factors in GAINS which assumed slower engine 
progression than assumed here, emission estimation in this study is less than 17% different from 
emission estimation by GAINS. The exception is CO in 2010 and 2030, where the high gaseous 
emission factors in GAINS lead to CO emissions that are twice as high as this estimation. 
Differences in fuel consumption may come from differences in engines included as nonroad 
engines. However, fuel consumption, PM and NOx emission in the U.S. estimated in this study is 
very close to those estimated in Kean et al. [2000] who used survey of fuel sale data. 
When compared with the USEPA NONROAD model, emission estimations are within 20% 
different for PM and NOx in 2010 because emission factors from two studies are close. In 2030, 
because the NONROAD model assumed no reduction in PM emissions in gasoline engines, the 
NONROAD model estimated two times higher PM emissions than this estimation. CO and HC 
emissions estimated here are 2-3 times higher than those in the NONROAD model.  
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Table 4.12 Fuel consumption and emission comparison between this study (A1B and A2 
scenarios) and three other studies. 
Region Europe 
Scenario/ 
Study 
FC (PJ) and Emissions (kt) in 2010 FC (PJ) and Emissions (kt) in 2030 
FC PM BC OC CO NOx HC FC PM BC OC CO NOx HC 
A1B
1 
1100 110 53 33 1100 930 170 
960 25 12 8 670 260 66 
A2
2 
920 22 10 7 650 220 62 
GAINS
3 
1200 110 41 26 1300 1100 210 1200 35 11 7 1400 420 150 
Region USA 
Scenario/ 
Study 
FC (PJ) and Emissions (kt) in 2010 FC (PJ) and Emissions (kt) in 2030 
FC PM BC OC CO NOx HC FC PM BC OC CO NOx HC 
A1B
1 
1700 79 37 23 4500 1000 360 
2100 26 10 11 4700 370 350 
A2
2 
1950 20 7 9 4010 270 310 
GAINS
4 
680 63 22 18 8200 830 310 570 18 5 6 7100 380 210 
NONROAD
5 
- 110 - - 1300 1200 140 - 58 - - 600 370 73 
Region USA 
Scenario/ 
Study 
FC (PJ) and Emissions (kt) in 1996 No future projection 
FC PM BC OC CO NOx HC FC PM BC OC CO NOx HC 
A1B 1200 160 - - - 1300 - - - - - - - - 
Kean et al. 
[2000] 
1100
6 
120 - - - 1200 - - - - - - - - 
1, 2 Fuel consumption and emissions from the A1B and A2 scenarios from this study 
3 GAINS Europe with current policy scenario WEO2011, energy projection by IEA (TRA_OT_AGR and TRA_OT_CNS) 
4 GAINS ANNEX I with current policy scenario WEO2011, energy projection by IEA (TRA_OT_AGR and TRA_OT_CNS) 
5 USEPA NONROAD model with default inputs 
6 Kean et al. [2000] reported diesel fuel consumption. The gasoline consumption is estimated by using gasoline to fuel ratio in 
Table 4.2. 
 
4.7.5 Sensitivity Analysis 
In this section, emissions of PM, NOx, CO, and HC are discussed. CO2 emission trends are the 
same as those of fuel consumption.  
Fuel Consumption 
Future agricultural fuel consumption estimated by choosing extreme cases of the intensity versus 
productivity relationship (Figure 4.4) shows little difference from the baseline. Although the 
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intensity curves appear very different, they are not the sole determinant of fuel consumption; 
historical data was used until 2010, and the relationships in Figure 4.3 were used to provide 
growth rates. Therefore, the fuel intensity curve would affect the projection only if a region were 
projected to go through a significant change in agricultural productivity during the projection 
period of 2010-2050. The agricultural fuel consumption in both extreme cases is different than 
the baseline by 0.1%. Emissions in these extreme cases are different by a maximum of 0.3% in 
either of the two cases. Thus, the agricultural fuel consumption prediction curve has little 
influence on global emissions. 
Figure 4.15 shows variations in global emissions due to changes in the fraction of fuel 
consumption used in diesel boilers. Decreasing the fraction of boiler fuel consumption from 30 
to 15% increases total nonroad fuel consumption by 5-6% throughout the study period, and vice-
versa. Lowering boiler fuel consumption increases emissions by 5.2%, 5.2%, 3.4%, 1.0%, 5.0%, 
and 1.8% for PM, BC, OC, CO, NOx, and HC in 2010, respectively. The absolute emission 
differences between high/low boiler and baseline cases decrease with time as engines become 
cleaner, except for CO2 where emission differences from the baseline remain at 5-6% throughout 
the study period.  
Based on the sensitivity analysis, the assumptions made about agricultural fuel consumption and 
fraction of diesel fuel consumption in boilers do not significantly change the total emission 
estimate during the study period.  
Engine Population 
Because total fuel consumption is fixed, changing engine population in one engine group affects 
the engine population in other engine groups. Engine size groups have different emission rates, 
and thus the apportionment among sizes affects total emissions. In this analysis, effects of 
changes in diesel and gasoline engines are studied separately.  
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Figure 4.15 Emission variations from altering boiler fuel consumption fraction in total 
industrial fuel consumption to ±50% of the baseline value. Note that y-axes begin above 
zero. 
For diesel engines, changes in engine population size fractions (Table 4.7) slightly change 
emissions. Changes in small engines cause small changes in PM, BC, and NOx (less than 1% of 
the baseline emissions). Emission changes are more significant when altering population of 
larger engines. 
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By increasing medium-capacity engine population by 50%, total emissions change by 0.7-4.2% 
from the baseline. By reducing medium-capacity engine population by 50%, total emission 
changes 1.8-6.8% from baseline. For large-capacity engines, the effects of changing engine 
population are almost the same as changing medium-capacity engines.  
Total emissions are more sensitive to the population of gasoline engines than to population of 
diesel engines (Figure 4.16).  
 
Figure 4.16 Emission variations from changing gasoline engine population (2-stroke 
engines, low power 4-stroke, and high power 4-stroke engines) by 50% of baseline 
population. Note that y-axes begin above zero. 
 105 
 
Decreasing the population of 2-stroke engines, which have high emissions of products of 
incomplete combustion, decreases emissions of all pollutants, except NOx. Reductions compared 
with the baseline in 2050 are 17%, 10%, 26%, 6%, and 0.7% reduction in PM, BC, OC, CO, and 
HC emissions while NOx increases by 1%. Increasing the 2-stroke engine population by 50% 
provides opposite effects. In 2050, PM, BC, and OC increase between 7-20%, and CO and HC 
increase by 5% and 25%. NOx emissions are 1% lower than baseline in 2050. For CO emissions, 
changing the population of high power 4-stroke engines affects emissions more than changing 
the population of other gasoline engine groups – increasing this high power 4-stroke engine 
population by 50% decreases CO emissions 12% from baseline while decreasing this engine 
population by 50% increases CO emissions 8% from baseline in 2050. 
Retirement rates 
Altering parameters in retirement rates has significant effects on both the magnitude and shape of 
the global emission trend (Figure 4.17). In this study, I explored emission sensitivity due to 
changes in retirement rate with income (GDP), engine lifetime (L50), and shape of retirement 
curve (shape factor).   
The relationship between income (GDP) and engine lifetime is developed based on on-road 
vehicles. When this dependence is ignored, all regions are assumed to have the same engine 
lifetime as those in the U.S, becoming shorter than in the baseline study. Global emissions 
decrease below the baseline because advanced standards penetrate into the fleet more quickly 
and there is less emission degradation. Global emissions are reduced by a maximum of 34.1%, 
41.2%, 27.3%, 10.7, 36.3%, and 11.3% for PM, BC, OC, CO, NOx, and HC during the study 
period. In contrast, assuming a stronger relationship between GDP and engine lifetime increases 
emissions by lengthening lifetimes. In this case, PM, BC, OC, CO, NOx, and HC emissions 
increase by a maximum of 85.5%, 110.0%, 60.0%, 16.3%, 82.7%, and 17.0% during the study 
period. 
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Figure 4.17 Emission variations from altering parameters in retirement rates, including 
relationship with GDP, shorter and longer engine lifetime, and changing shape of 
retirement estimation curve. 
As expected, increasing engine lifetime (L50) increases emissions due to higher degradation 
while decreasing engine lifetime reduces emissions from baseline. With a value of L50 that is 
50% longer, emissions increase by a maximum of 51.9%, 66.6%, 36.1%, 11.4%, 51.8%, and 
11.8% for PM, BC, OC, CO, NOx, and HC. Reducing L50 by 50% decreases PM, BC, OC, CO, 
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NOx, and HC emissions by a maximum of 45.2%, 52.7%, 36.8%, 16.0%, 49.4%, 17.5%, 
respectively.  
Shape factor has the lowest effect of all three parameters. Increasing the shape factor by 50% of 
the baseline value decreases emissions by maximum of 7.8% while decreasing the shape factor 
by 50% increases emissions significantly by 24.8%, 31.3%, 17.8%, 4.3%, 23.0%, and 4.6% for 
PM, BC, OC, CO, NOx, and HC, respectively. 
Superemitters 
Parameters explored in superemitter development include gain, L50, and αsup (Equation (4.7)). 
The emissions are highly sensitive to gain and L50, and not very sensitive to αsup (Figure 4.18). In 
general, the variations of emissions from the baseline are more significant later in the study 
period when superemitter emissions are more significant in a cleaner fleet.  
Increasing gain, which is the maximum rate of conversion between normal engines and 
superemitter per year, increases emissions by less than 3% in 2010 to 8.1%, 11.3%, 4.5%, 1.5%, 
15.5%, and 1.4% for PM, BC, OC, CO, NOx, and HC in 2050, respectively. Reducing gain gives 
the opposite effects with a similar magnitude. Increasing L50 reduces the number of normal 
engines that become superemitters. Thus, increasing L50 by 50% reduces emissions in 2050 by 
5.9%, 7.3%, 4.0%, 1.3%, 10.3%, and 1.3% for PM, BC, OC, CO, NOx, and HC, respectively. On 
the other hand, decreasing L50 by 50% increases PM, BC, OC, CO, NOx, and HC emissions by 
11.2%, 11.5%, 10.5%, 2.5%, 13.8%, and 4.0% in 2050, respectively.         
Changing αsup by ±50% does not change emissions significantly. Increasing αsup reduce 
emissions slightly from baseline (maximum of 0.6% for PM and OC) while decreasing αsup 
increase emissions from 0.6% in CO to 3.4% in OC. 
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Figure 4.18 Emission variations from altering fraction of superemitter development rates. 
Note that y-axes begin above zero. 
Standard Implementation 
To examine the sensitivity of global emissions to standard implementation, the implementation 
years are altered from the baseline, but only in regions where no standard implementation plan is 
in force. In general, earlier standard implementation lowers global emissions because cleaner 
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engines are incorporated in the fleet sooner, while later implementation provides the opposite 
outcome (Figure 4.19).   
 
Figure 4.19 Emission variations caused by changing emission standard implementation 
date by implementing emission standards sooner and later than the baseline (only regions 
where there nonroad emission standards are not already planned). 
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In the earlier emission standard implementation case, emissions are lower than the baseline are 
2015.  PM, BC, OC, and NOx emissions are lowest between 2030 and 2040 with 12.2%, 14.1%, 
8.6%, and 11.5% decrease below baseline emissions, respectively. For CO and HC, the 
maximum differences are 11.1% and 7.7% from baseline around 2025. In the far future, emission 
standards have come into force and the implementation date makes little difference. Emission 
differences from the baseline reduce to 1.3% and 0.9% for CO and HC in 2050.  
For the later standard implementation case, emissions are different from the baseline after 2015. 
For PM, BC, OC, and NOx, emission differences from the baseline are 0.3-2.2% in 2015. The 
emission differences from the baseline are at a maximum of 17.0%, 20.1%, 14.0%, and 16.3% 
after 2040. For CO and HC, emissions differ from the baseline after 2015, with the largest 
differences being 9.5% in 2030 (CO) and 15.6% in 2024 (HC) and the smallest differences being 
1.3% and 1.6%in 2050.   
Emission Factors 
Variations of emission projections caused by exploring a range of emission factors are presented 
in Figure 4.20.   
Variations in global emissions due to emission factors are large. It is noted that the variations in 
emission factors used in this study are based on emissions of on-road vehicles, for which 
operation modes may not be the same.  
For PM, the largest emission difference is 33% compared with the baseline emission in 2010, 
and reducing to 31% in 2050. The lowest PM emissions are 42% lower than baseline emissions 
in 2010 and 32% lower in 2050. For BC and OC, the highest emissions are 31% higher than the 
baseline emissions in 2010, and become 24% and 38% higher in 2050. The lowest emissions for 
BC and OC are 41% and 44%lower than baseline emissions in 2010. The differences reduce to 
28% for BC and 36% for OC in 2050. 
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Figure 4.20 Emission variations caused by using the 25
th
 and 75
th
 percentile of new engine 
emission factors instead of the average. 
The highest CO emissions are 37% higher than baseline emissions in 2010 and become 21% 
higher in 2050. For the lowest CO emissions, emission differences are 37% lower than baseline. 
For HC, emissions are 41% higher than baseline emissions in 2010 and the difference reduces to 
12% in 2050 in high emission case. In the low emission case, HC is 47% lower than baseline 
emission. 
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NOx has the smallest emission variations. The greatest emission difference from the baseline is 
10% higher in 2010, reducing to 9% higher by 2050. The lowest emission difference is 17% 
lower than baseline emissions in 2010, and becomes 10% lower than the baseline emissions in 
2050. 
4.8 Conclusion 
In this study, global emission projections of nonroad diesel and gasoline engines used in 
industry, CM, and forestry are developed for the period between 2010 and 2050 for 17 regions 
under four economic scenarios based on RIVM [2001]. The SPEW-Trend model is used with 
historical fuel consumption to develop engine population information from 1980 to 2010. From 
2010 to 2050, fuel-based emission factors which are developed for new engines, aged engines, 
and superemitters are applied to fuel consumption of a range of engine technologies estimated 
for each year in each region.  
For all scenarios, global emissions of PM, BC, OC, CO, CO2, NOx, and HC are highest 
emissions in the A1B scenario and lowest in the A2 scenario. CO2 emissions follow fuel 
consumption patterns which increase after 2010 and start to decrease before 2040. Particulate 
emission decreases in all scenarios because lower emissions from cleaner engines counteract 
increases in fuel consumption. Global CO and HC, on the other hand, increase in all scenarios 
because there is an increase in the fraction of gasoline fuel consumption in nonroad fuel 
consumption. The agricultural sector is the largest fuel consumption and emission source in 
2010. Engines used in CM become the largest emission source in 2050, because of the limited 
emission reductions expected for the major engine size used in this sector. Average annual 
emissions reduce in all regions, except in two regions where average annual fuel consumption 
increases and emission standard progression is slow: South Asia and Africa.  
Engines without standards dominate emissions (75-84% of total emission) and fuel consumption 
in 2010. During this period, superemitters (13-15% of global emission) are also a significant 
emission source for PM, BC, OC, and NOx. Cleaner engines are introduced to a fleet during 
different years in each region. In 2050, the cleanest engines in both gasoline and diesel are used 
in all regions, except Africa where the emission standard implementation is much slower than 
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other regions. Superemitters are the largest emission sources in 2050 for most pollutants because 
normal engines have become much cleaner. Diesel engines dominate PM, BC, OC, and NOx 
emissions while gasoline engines dominate emissions of CO and HC.   
Sensitivity analysis is performed for six factors used in the projections; agriculture fuel and non-
boiler fuel consumption, engine population, retirement rates, superemitter development rate, 
standard implementation, and emission factors. Global emission trends are highly sensitive to 
emission factors and retirement rates, to changing gasoline engine populations, and—for years 
prior to 2050—to the year in which standards are introduced. Variations of emissions in different 
economic scenarios are 8-63% of emission levels in 2010, while variations of emissions due to 
emission factors are much higher (32-117% of emission levels in 2010). 
The global emission projection of nonroad engines should be valuable to the following sectors: 
- Emission inventory developers. The sensitivity analysis in this dissertation shows how global 
emissions respond to model parameters, and identifies important factors needed to improve 
emission inventories of nonroad engines.   
- Policy makers. Emission trends show that PM, BC, OC, and NOx will decrease in most 
regions, except regions where standard progression is slow. This reduction indicates that 
current and future emission standards will reduce emissions of many pollutants as fuel 
consumption increases. However, strengthened emission standards or other measures should 
be implemented in order to control CO and HC emissions, which increase throughout the 
projection period.    
- Climate modelers. The emission projection of nonroad engines connects fuel consumption 
and other factors (GDP and crop area) from macroeconomic models with a technology-rich 
representation of air pollutant emissions. Spatially-distributed global emission inventories are 
required as inputs to models of present and future air quality and climate. This emission 
inventory provides region-level emissions of PM and other regulated gaseous emissions, 
which are consistent with CO2 emissions estimated by macro-economic models. These 
regional totals can be used to replace totals in this sector in other existing regional emission 
inventory such as GAINS and EDGAR. The latter two do not include relationships between 
engine population and emissions, or connections to CO2 from macro-economic models, so 
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these projections provide more mechanistic detail and confidence. The regional emission 
inventory between 2010 and 2050 is available in Appendix D. A spatial distribution of 
emissions is required to use the data in atmospheric models; although not completed in this 
work, this distribution is routinely accomplished by general inventory developers, as 
described in Bond et al. [2004].  
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CHAPTER 5 
EMISSION FROM RESIDENTIAL COMBUSTION CONSIDERING 
SPATIAL CONSTRAINTS 
5.1 Overview 
In this work, I presented a method to apportion the national-level fuel consumption used in large-
scale emission inventories and projections among end-uses and locations with different 
resources. Household emissions can be calculated by estimating energy needed for end-uses as 
functions of physical drivers, as done by Daioglou et al. [2012] for carbon dioxide. This method 
employs the national statistics used in most global emission inventories but adds a description of 
end-use and location of use. The calculation framework describing here is driven by the need to 
develop a method that is applicable in all countries, even those with sparse data. I therefore 
incorporate GIS data on population, forest, and electrification to guide fuel and technology 
choice used in different locations within a country. The resulting framework gives a spatial 
distribution of fuel usage that allows exploration of feasible emission changes, and a spatial 
distribution of emissions to benefit models of atmospheric transport. Here, I develop spatial 
distribution of fuel usage and examine mitigation scenarios to reduce current emissions of PM, 
BC, OC, CO, CO2, NOx, CH4, and NMHC under several plausible assumptions.   
The results described here are limited by availability of data; I hope that by identifying major 
knowledge gaps in the present work, the framework I present can be updated and improved in 
the future.   
5.2 Overall Methodology 
Table 5.1 outlines the structure of this study. First, I developed spatial distribution of population 
and fuel availability. Second, spatial distribution of current emission from residential sector is 
created based on resource availability and population. Then, emission reduction from selected 
mitigation scenarios is estimated. 
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Table 5.1 Objectives and tasks in residential emission estimation. 
Objective Task 
2a. Develop Spatial 
Classification to Identify 
Population with Access to 
Feasible Interventions 
2a(i). Allocation of Energy Consumption among End 
Uses 
 
2a(ii). Estimation of Fuel Types for each End-Use 
 
2a(iii). Spatial Distribution of Population and Resources 
 
 
2b. Develop Spatial 
Distribution of Residential 
Emission based on National 
Fuel Allocation in Different 
Land Types 
2b(iv). Spatial Distribution of Fuel Use 
 
2b(v) Emission Calculation 
2c. Estimate Emission 
Reduction from Fuel and Stove 
Scenarios 
2c(vi) Emission Reduction Scenarios 
 
5.3 Develop Spatial Distribution of Current Residential Emission 
Objective 2a, Develop Spatial Classification to Identify Population with Access to 
Feasible Interventions 
The principle of this approach is that emissions in any location are the sum of emissions from a 
number of end-uses (j), each of which is supplied with a number (k) of different fuels. Thus,  
       𝐸𝑚 = ∑ ∑ 𝑃𝑓 (
𝑈𝐸𝑗
𝜂𝑗,𝑘𝐿𝐻𝑉𝑘
) 𝐸𝐹𝑗,𝑘                                                       (5.1)𝑘𝑗                                            
where Em is emissions in grams, P is the population, fj,k is the fraction of population for whom 
fuel k supplies for end-use j, UEj is the per-capita useful energy in MJ required for end-use j, j,k 
is the thermal efficiency of the device used, and LHVk is the lower heating value of fuel k in MJ 
(kg fuel)
-1
. The term in brackets gives the mass of fuel k used by one person for end-use j, 
required because most emission factors (EFj,k) are measured in grams of pollutant per kilogram 
of fuel burned. Some dependencies are included in this analysis but not explicit in the equation, 
to avoid clutter. The values j,k and EFj,k are specific to the combustion device chosen for end-
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use j and fuel k. Population (P), devices chosen, per-capita useful energy for each end-use, and 
fuel fractions (f) also depend on location. Emission factors and efficiencies for each fuel-stove 
combination are summarized in Table 5.2. I prioritize measurements made during actual device 
use because performance varies significantly between laboratory and in-use measurements 
[Johnson et al., 2008; Roden et al., 2009].  
The baseline analysis year is 2010, a common year for energy data and global geographic 
information system (GIS) databases, although projections from year 2000 were used for some 
data. The GIS maps used in this study will be discussed in Task 2a(iii).  
Figure 5.1 shows the overall disaggregation method, from total energy to spatially-distributed 
energy consumption by fuel and end-use. The figure distinguishes between delivered energy, 
meaning the total energy content of the fuel that reaches the home, and useful energy, or the 
energy actually employed to cook or heat. The ratio between useful energy and delivered energy 
is the device efficiency . 
I begin with the assumption that reports from the International Energy Agency [IEA, 2012a, b] 
adequately represent the fuels consumed in the residential sector. This data set is the most 
common input to current large-scale emission inventories. It is based on reports, surveys and 
consultation, but the assumptions used to derive consumption in each country are not fully 
transparent. IEA does not provide divisions of biomass into major sub-types: fuelwood, 
agricultural waste, and dung—and I use the fractions estimated by Fernandes et al. [2007] in 
year 2000 for this apportionment. Estimates of biomass consumption for traditional uses are 
known to be uncertain. Total biomass energy in Fernandes et al. [2007] versus IEA [2012a, b] 
for the study region is only 5% different overall in the year 2000, but regional totals differ by up 
to 25% in either direction. 
In the first step, I apportion total delivered energy reported by IEA [2012a, b] among four end-
uses: cooking, space heating, lighting, and other. I do so by estimating total per-capita energy for 
cooking, space heating, and lighting in each country, as described in Task 2a(i), and assuming 
that “Other” comprises the remainder. In the second step, I allocate fuels reported by IEA [2012a, 
b] among these end-uses, as discussed in Task 2a(ii), to obtain a matrix of fuels supplying energy 
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for each end-use. In the third step, I calculate useful energy provided by each end-use and fuel 
using efficiency of the prevalent device. Although delivered energy is most easily measured and 
commonly reported, only useful energy remains invariant as long as demand remains constant. 
Device efficiencies are summarized in Table 5.2. 
 
Figure 5.1 Disaggregation of total energy into end-uses and locations, showing products 
from each calculation step and the use of delivered versus useful energy. 
In the fourth step, I classify each location within a country into a “land type” identifying whether 
it is urban or rural, and whether it has access to electricity or forest (Task 2a(iii)). I then allocate 
specific fuels to each end-use and location (Task 2b(iv)), thereby producing a spatial distribution 
of consumption. Finally, I convert consumption of each fuel for each end-use, in each grid cell, 
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to delivered energy and fuel mass. Spatially-distributed emissions can be calculated after this 
step (Task 2b(v)).  
Table 5.2 Stove efficiency and emission factors of different fuels used in cooking, heating, 
and lighting in households. Traditional stoves are assumed unless otherwise indicated. 
Fuel 
EF (g/kg) Efficiency 
(%) CO CO2 NOx PM BC OC CH4 NMHC 
Cooking and Others  
Electricity
1 
0.0 75
2
 0.0 0.0 0.0 0.0 0.0 0.0 75
2
 
Renewable Energy 0.0 75
3
 0.0 0.0 0.0 0.0 0.0 0.0 75
3
 
Natural Gas
4 
0.3
 
60
5 
2.9
 
0.1
 
0.0
 
0.0
 
0.0
 
0.1
 
60
5
 
LPG
6 
8.1
 
55
7 
1.7 0.4 0.2 0.1 0.3 11.9 55
7
 
Biogas
8 
2.0 50
9
 0.1 0.5 0.2 0.1 1.0 0.6 50
9
 
Motor Gasoline
10 
37.9 40
11 
0.6 1.0 0.9 0.1 0.4 8.8 40
11
 
Gas/Diesel Oil
12 
0.7 40
11 
2.3 2.6 2.0 0.6 0.2 0.1 40
11
 
Heavy Fuel Oil
12 
0.6 40
11 
2.6 0.9 0.9 0.1 0.1 0.1 40
11
 
Kerosene
6 
37.9 40
13
 0.6 1.0 0.9 0.1 0.4 8.8 40
13
 
Derived Coal
14 
41.0 25
5
 0.5 6.0 0.2 4.4 0.1 0.1 25
5
 
Anthracite Coal
15 
162.2 25
5
 0.9 1.1 0.1 0.5 5.2 2.1 25
5
 
Other Coal
16 
162.2 25
5
 0.9 12.0 4.1 5.9 5.2 2.1 25
5
 
Charcoal
17 
187.5 17
18
 0.2 2.4 0.3 0.9 7.7 8.9 17
18
 
Fuelwood
19 
63.0 16
20
 0.1 8.4 1.3 5.0 8.9 11.3 16
20
 
Agri Waste
21 
63.2 13
22
 0.7 7.1 0.9 2.7 6.5 9.0 13
22
 
Dung
23
 39.1 14
24
 0.7 8.0 1.8 5.9 11.7 21.0 14
24
 
Heating
26  
Electricity
1 
0.0 90 0.0 0.0 0.0 0.0 0.0 0.0 90 
Renewable Energy 0.0 90
3
 0.0 0.0 0.0 0.0 0.0 0.0 90
3
 
Motor Gasoline 37.9 90
27
 0.6 1.0 0.9 0.1 0.4 8.8 90
27
 
Gas/Diesel Oil 0.7 90
27
 2.3 2.6 2.0 0.6 0.2 0.1 90
27
 
Heavy Fuel Oil 0.6 90
27
 2.6 0.9 0.9 0.1 0.1 0.1 90
27
 
Derived Coal 41.0 45
28
 0.1 6.0 0.2 4.4 0.1 0.1 45
28
 
Anthracite Coal 162.2 45
28
 0.9 1.1 0.1 0.5 5.2 2.1 45
28
 
Other Coal 162.2 25
5
 0.9 12.0 4.1 5.9 5.2 2.1 45
28
 
Fuelwood
29 
128.9 45
30
 0.6 7.6 0.4 5.3 7.6 10.6 45
30
 
Agri Waste 63.2 45
31
 0.7 7.1 0.9 2.7 6.5 9.0 45
31
 
Dung 39.1 45
31
 0.7 8.0 1.8 5.9 11.7 21.0 45
31
 
Lighting  
Electricity
1 
0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 - 
Kerosene (simple)
32 
16.0 - 0.6 92.6 89.2 2.7 0.4 8.8 - 
Kerosene (hurricane)
32 
3.0 - 0.6 13.0 9.0 0.5 0.4 8.8 - 
1 Not including emission from electricity generation at the power plant. 
2 CES [2001]; Hosier and Kipondiya [1993] 
3 included heat, solar energy, and geothermal energy and assumed having equal efficiency to electricity 
4 Zhang et al. [2000]; Bond et al. [2004] 
5 UN [1991] 
6 Smith et al. [2000]; Zhang et al. [2000]; Bond et al. [2004]; McCarty et al. [2010] 
7 UN [1991]; CES [2001]; Smith et al. [2000]; Reddy et al. [2003] 
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Table 5.2 (cont.) 
8 Smith et al. [2000] 
9 CES [2001]; Smith et al. [2000]; Reddy et al. [2003] 
10 assumed: identical to emission from kerosene. 
11 USEPA [2014]; Bond et al. [2004] 
12 assumed: efficiency of gasoline and diesel oil stoves equal to kerosene stoves 
13 UN [1991]; CES [2001]; Smith et al. [2000]; Reddy et al. [2003] 
14 Zhang et al. [2000]; Zhang et al. [2008]; Zhi et al. [2008] 
15 Zhang et al. [2008] 
16 Zhang et al. [2008]; Zhi et al. [2008]. Zhang et al. [2000] and Shen et al. [2010] also measured emission factors; however, 
those of Zhang et al. [2000] were measured in a laboratory setting with careful ignition, and those of Shen et al. [2010] excluded 
the ignition phase because the stove was lighted outside. 
17 Smith et al. [2000]; Bhattacharya et al. [2002]; Parashar et al. [2005]; MacCarty et al. [2008] 
18 Smith et al. [2000]; Bhattacharya et al. [2002] 
19 Laboratory measurements are available from Smith et al. [2000]; Venkataraman and Rao [2001]; Bhattacharya et al. [2002]; 
Parashar et al. [2005]; Venkataraman et al. [2005]; Jetter and Kariher [2009]; Li et al. [2009]; Jetter et al. [2012]; Just et al. 
[2013], Preble et al. [2014]. These laboratory measurements gave much lower emission factors than field-based measurements, 
especially for PM (4.4 g/kg). For PM, CO, BC and OC, only measurements where stoves were operated by real cooks were 
included in the recommended emission factor, from the studies of Johnson et al. [2008]; Roden et al. [2009]; and Shen et al. 
[2013].  
20 Smith et al. [2000]; Ventakaraman and Rao [2001]; Bhattacharya et al. [2002]; Li et al. [2009] 
21 Bhattacharya et al. [2000]; Smith et al. [2000]; Venkataraman et al. [2005]; Parashar et al. [2005]; Li et al. [2007]; Cao et al. 
[2008]; Li et al. [2009]; Shen et al. [2010] 
22 Smith et al [2000]; Ventakaraman et al. [2005]; Li et al. [2007]; Li et al. [2009] 
23 Bhattacharya et al. [2000]; Smith et al. [2000]; Venkataraman and Rao [2001]; Parashar et al. [2005]; Venkataraman et al. 
[2005] 
24 Smith et al. [2000]; Venkataraman and Rao [2001]; Venkataraman et al. [2005] 
25 assumed: identical to CO2 emission from kerosene 
26 assumed: heating stove emission identical to cooking stove unless indicated. 
27 assumed: efficiency equal to heating by electricity and renewable energy. 
28 CES [2001] 
29 Butcher and Ellenbecker [1982]; Houck and Tiegs [1998]; McDonald et al. [2000]; Alves et al. [2011] 
30 Houck and Tiegs [1998], Hepbasli and Utlu [2004], Koyuncu and Pinar [2007] 
31 assumed: efficiency identical to fuelwood heating stoves 
32 Lam et al. [2013] 
Task 2a(i): Allocation of Energy Consumption among End-Uses 
This task describes how per-capita energy consumption was estimated for cooking, space 
heating, and lighting in each country. The remainder of national energy use was allocated to the 
“Other” category.  
(1) Cooking 
Cooking is universal, and therefore one of the major energy uses in the residential sector when 
users are at or near subsistence level [Schipper et al., 1996; Barnes et al., 2005]. Table 5.3 
summarizes studies that have reported cooking energy per capita. This consumption may depend 
on income, number of people in the household, and cooking habits.  
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To explore variations in cooking energy consumption, I first adjust for stove efficiency and 
household size, then examine differences with region and income. Several studies have examined 
the relationship between cooking energy and income (Down, 1986; Dunkerley et al., 1990; Tuan 
and Lefevre, 1996; Xiaohua et al., 2002). For all these studies, I adjusted the reported values of 
income to year-2000 purchasing-power-parity. I applied scaling factors as shown in Table 5.4 to 
adjust per-capita consumption to a five-person household. The scaling factors were developed 
from a single study by Xiaohua et al. [2002] and may not be universally valid, but comparing 
cooking energy across regions with different household sizes would be less valid.  
Per-capita cooking energy consumption differed among regions (Latin America, Africa, and 
Asia) at the 0.05 significance level. Therefore, I use averaged useful energy values of 2.1, 2.1, 
and 1.1 GJ/cap/yr for five-person households in Latin America, Africa, and Asia, respectively, 
and then scale them to the average household size for each country. Scaling factors and per-
capita cooking energy consumption are summarized in Table 5.4.   
Delivered energy was scattered between 3.4 and 10.8 GJ/cap/yr, and there was only a weak 
relationship (r
2 
= 0.21) with income. Down [1986] and Tuan and Lefevre [1996] provided enough 
information to calculate useful energy from reported delivered energy. In these data, there is a 
slight increase in useful cooking energy use with income (r
2
=0.46), but the income disparity 
between countries within a region, or between urban and rural income in the same country, 
would predict less than a 10% difference in useful cooking energy. Because this difference is 
smaller than the uncertainty in reported data, I use the same cooking energy for all countries and 
income levels within a region.  
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Table 5.3 Summary of cooking and lighting energy consumption, as reported and as 
adjusted to five person household (HH). 
Location 
Consumption  
 Study area Citation 
Reported value 
(Delivered) 
Useful Five-
person HH 
value 
(GJ/cap/yr) 
Cooking Energy Consumption 
Latin 
America 
Guatemala 
Mexico 
Mexico 
 
0.7 tonne/cap/yr 
54.1 MJ/cap/day 
17.9 MJ/cap/day 
 
1.91 
2.82 
1.83 
 
- 
23 HH in Miohoacan 
23 HH in Miohoacan 
 
Goldemberg et al. [1985] 
Berrueta et al. [2008] 
Berrueta et al. [2008] 
Africa 
Cameroon 
Kenya 
Tanzania 
 
0.8 tonne/cap/yr 
10.5 GJ/cap/yr 
1.0 tonne/cap/yr 
 
2.01 
1.54 
2.81 
 
- 
260 HH in West Kenya 
- 
 
Goldemberg et al. [1985] 
Torres-Rojas et al. [2011] 
Goldemberg et al. [1985] 
Asia 
China 
India 
India 
Indonesia 
Sri Lanka 
Vietnam 
 
6.1 GJ/cap/yr 
9.5 kgoe/HH/month 
0.9 tonne/cap/yr 
97.6–158.6 MJ/HH/week 
3.3 – 4.3 GJ/cap 
15.7 – 20.1 kgoe/cap/yr 
 
0.95 
1.06 
1.11 
1.46 
1.37 
0.86 
 
384 HH in Sheyang 
3000 HH in Hyderabad 
- 
5 villages in West Sumatra 
100 HH 
HH in 4 villages 
 
Xiaohua et al. [2002] 
Barnes et al. [2005] 
Goldemberg et al. [1985] 
Down [1986] 
Wijayatunga and Attalage 
[2002] 
Tuan and Lefevre [1996] 
Delivered Lighting Energy Consumption (Electrified areas only) 
India 20.1 kWh/HH/month 0.2 6 villages in  Karnataka state Reddy [1982] 
Thailand 30.7 kWh/HH/month8 0.39 
3 provinces – Ayutthaya, 
Bangkok, Chiang Mai 
Sathaye and Tyler [1991] 
Vietnam 3.9 – 5.0 kgoe/cap/yr 0.2 
4 northern provinces – 
Hanoi, Hatay, Haihung, 
Vinhphu 
Tuan and Lefevre [1996] 
China 79 kWh/cap/yr9 0.2 
384 households, 12 villages, 
4 towns in Sheyang county 
Xiaohua [2002] 
1 assumed traditional fuelwood stove efficiency of 16% (Table S1) and fuelwood energy content of 17.6 GJ/tonne. 
2 assumed traditional fuelwood stove efficiency of 16% (Table S1) 
3 assumed improved fuelwood stove efficiency of 30%  
4 assumed traditional fuelwood stove efficiency of 16% (Table S1) 
5 assumed all traditional stove efficiencies as 55% for LPG, 13% for agricultural waste, 25% for coal, 16% for fuelwood, 50% for 
biogas, and 75% for electricity (Table S1) 
6 useful energy provided in the original study 
7 assumed all traditional stove efficiencies as 55% for LPG, 16% for fuelwood, and 75% for electricity (Table S1) 
8 assumed each house has 3 fluorescent and 2 incandescent bulbs (averaged from this study). The averaged consumption per 
month are 7.7 kWh/HH/month and 3.8 kWh/HH/month for fluorescent and incandescent bulbs 
9 used 11.84 MJ (provided in this study) to convert from MJ to kWh to exclude energy required to produce electricity. 
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Table 5.4 Scaling factors for cooking and lighting/heating per-capita energy consumption 
and delivered cooking and lighting energy consumption. 
Number of 
people in 
household 
Scaling Factors  Energy Consumption (GJ/cap/yr) 
Cooking
1 Lighting and 
Heating
2 
Cooking
3
 (Useful)
 Lighting, 
electrified
3
 
(Delivered) Latin America Africa Asia 
3 1.3 1.8 2.6 2.6 1.4 0.4 
4 1.0 1.3 2.2 2.2 1.1 0.3 
5 1.0 1.0 2.1 2.1 1.1 0.2 
6 0.9 0.8 1.8 1.8 0.9 0.2 
>6 0.9 0.8 1.8 1.8 0.9 0.2 
1 Calculated from Xiaohua et al. [2002] 
2 Calculated from Xiaohua et al. [2002] and Barnes et al. [2005] 
3 Averaged from Table 5-3 and multiplied with scaling factors 
 
(2) Lighting 
Four studies have reported consumption of delivered energy for lighting in urban and electrified 
rural areas, as summarized in Table 5.3. Similar to the treatment of cooking energy, I first 
applied scaling factors to adjust per-capita consumption to five-person household to compare 
studies across countries [Xiaohua et al., 1999; Barnes et al., 2005] (summary in Table 5.4).  For 
non-electrified land types, I use the regionally-dependent fractions of residential kerosene used 
for lighting estimated by Lam et al. [2012] and apply them to IEA data of residential kerosene 
consumption.    
(3) Space Heating 
Climate is the most common factor used to estimate heating energy requirements, although space 
heating energy requirements depend on other factors [Haas et al., 1998; IEA, 2004; Kaynakli, 
2008]. Previous studies have linked space heating with climate through the concept of Heating 
Degree Days (HDD) [Quayle and Diaz, 1980; Durmayaz et al., 2000; IEA, 2004; Kaynakli, 
2008].  
𝐻𝐷𝐷 =  ∑ 𝑚𝑎𝑥(𝑇set − 𝑇d, 0)
365
𝑑=1                                         (5.2)                   
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where HDD is annual degree-days (°C), Td is daily temperature and Tset is the temperature of the 
indoor environment. In this study, I use nationally-averaged, population-weighted HDD values 
from Baumert and Selman [2003], who assumed Tset = 18ºC.  
The principle of HDD is that heating energy is used to bring the home’s temperature to a desired 
comfort temperature, so that more energy is used if the ambient temperature is colder. Space 
heating energy has been reported in Organization for Economic Co-operation and Development 
countries. From these data, I found a linear relationship between per-capita delivered space 
heating energy reported by [IEA, 2004], and HDD values (Figure 5.2a):  
𝐸heat,OECD = 𝐵heat,OECD𝐻𝐷𝐷                                                     (5.3) 
where Eheat,OECD is in GJ/cap, HDD is in dayºC, and Bheat,OECD is the slope of the line in Figure 5-
2a, which is 0.003 GJ/cap/dayºC .  
Several factors could influence Bheat, including home size or comfortable indoor temperature, 
Tset. Data on energy consumption for space heating alone is not available for the countries that 
comprise most of the study region. Zhang [2004] found a linear dependence of household energy 
consumption with HDD within each of four countries: China, Canada, Japan, and the USA. The 
slope of such a dependence represents the response, within each country, to the need for heating 
(Bheat). The slope of the line differed among countries, being lowest in China. Although this 
study did not isolate the factors governing energy use, I observe that Bheat has a linear 
relationship with per-capita residential energy consumption (Figure 5.2b). A higher standard of 
living—as represented by per-capita energy consumption—is likely associated with higher 
acceptable indoor temperatures, larger home sizes, and thus a greater value of Bheat. I therefore 
estimate per-capita heating energy for each country by inferring a value of Bheat from per-capita 
residential energy consumption: 
𝐸heat = 𝐵heat,OECD (
𝐸res
𝐸𝑈𝑆𝐴
) 𝐻𝐷𝐷                                                (5.4) 
where Eheat is delivered heating energy consumption in GJ/cap/yr, Eres is total per-capita 
delivered residential energy consumption in TJ/cap/yr, and EUSA is 0.038 TJ/cap/yr. I also 
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accounted for the effect of household size by first calculating the five-person household value for 
each country using Equation (5.4), and then applying the scaling factors in Table 5-4. 
 
Figure 5.2 Relationship between household energy consumption and heating degree days a) 
heating energy consumption versus heating degree days for OECD countries; b) ratio of 
residential heating energy consumption per HDD versus total residential energy 
consumption per capita. 
(4) Other Uses 
Activities other than heating, lighting and cooking include water heating for washing and 
bathing. Some energy uses are more heavily concentrated in more developed, urban areas, such 
as air conditioning, refrigerators, and televisions. Others are specific to rural energy needs, such 
as preparing animal foods. Many of these depend on climate and local behavior [Sathaye and 
Tyler, 1991; Daioglou et al., 2012]. Tuan and Lefevre, [1996], Tonooka et al. [2003], and Rosas-
Flores et al. [2011] reported that these activities can account for a wide range of fractional 
energy consumption (5-42%).  
I did not have enough data to further distinguish energy consumption for each activity. Delivered 
energy consumption for “other” end-use (EOther) is the remainder of total delivered household 
energy consumption after delivered cooking, heating, and lighting energy are removed. Water 
heating and animal food cooking can form a major part of Other end-use (accounting for 61-
72%) [Tuan and Lefevre, 1996; Xiaohua et al., 2002; Tonooka et al., 2003; Rosas-Flores et al., 
2011]. I therefore assume cooking efficiencies and emission factors for these uses. I assumed that 
b) a) 
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electricity in this category is used for appliances with an efficiency of 75%, the same as cooking 
by using electric stoves. 
Task 2a(ii): Estimation of Fuel Types for each End-Use 
Emissions are specific to both fuel and end-use, and there is very little information on the 
apportionment of fuels among end-uses. I first discuss what is known about fuels used in each 
end-use then present a simple method of allocation. 
(1) Lighting End-Use 
Devi et al. [2009] reported that electricity and kerosene are the only two major fuels for lighting 
in India. Rosas-Flores and Galvez [2010] reported the same fuels with a smaller contribution 
from fuelwood in Mexico. In this study, I assume that electricity is used in urban and electrified 
rural areas, and consumption in these areas is calculated from per-capita lighting energy 
consumption (Task 2a(i)) and population. For non-electrified areas, I assumed that kerosene 
lamps are used for lighting, with consumption as discussed in Task 2a(i).  
(2) Cooking, Heating and Other End-Uses 
I assume that the fraction of fuel used to fulfill either cooking or heating is identical. Toonaka et 
al. [2003] and Devi et al. [2009] reported detailed fuel consumption by end-use for all of China 
and for a village in India, respectively. In both studies, the fraction of each fuel for cooking 
energy was only about 8% different from the fraction of each fuel used for heating.  Either 
households use the same fuel for cooking and heating, or survey instruments or user recollections 
are insufficient to separate fuel uses for cooking and heating.  
I distribute the same fraction of fuels to each end-use. The exception to this rule is that some 
fuels are rarely used for some end-uses. For example, gasoline is allocated only to heating and 
other end-uses, while biogas is allocated only to cooking and other end-uses (Table 5.5). 
Fuelwood is used to balance the remainder.    
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Table 5.5 Summary of household fuels used for each end-use, in order of allocation. 
End-Uses Fuels used for this end-use Fuels excluded from this end use 
Cooking 
Electricity, Natural Gas, LPG, Biogas, 
Kerosene, Derived Coal, Hard Coal, 
Charcoal, Brown Coal, Fuelwood, 
Agricultural Waste, Dung  
Renewable Energy, Gas/Diesel 
Oil, Gasoline 
Space 
Heating 
Electricity, Renewable Energy (Heat, 
Solar, Geothermal), Gas/Diesel Oil, 
Motor Gasoline, Heavy Fuel Oil, 
Derived Coal, Hard Coal, Brown Coal, 
Fuelwood, Agricultural Waste, Dung 
Biogas, Natural Gas, LPG, 
Kerosene, Charcoal 
Lighting Electricity, Kerosene 
Renewable Energy, Natural Gas, 
LPG, Biogas, Gas/Diesel Oil, 
Motor Gasoline, Heavy Fuel Oil, 
Derived Coal, Hard Coal, 
Charcoal, Brown Coal, Fuelwood, 
Agricultural Waste, Dung 
Other 
Electricity, Renewable Energy, Natural 
Gas, LPG, Biogas, Gas/Diesel Oil, 
Motor Gasoline, Heavy Fuel Oil, 
Kerosene, Derived Coal, Hard Coal, 
Charcoal, Brown Coal, Fuelwood, 
Agricultural Waste, Dung 
- 
 
Task 2a(iii): Spatial Distribution of Population and Resources 
Household fuel selection depends on available resources, such as access to fuelwood or 
electricity [Barnes et al., 2005; Sumati, 2006; Rosas-Flores and Galvez, 2010]. People in or near 
urban areas tend to use cleaner and higher-efficiency fuels than those in rural areas [Barnes et 
al., 2005; Pachauri and Jiang, 2008]. People with access to forests may collect wood for 
household use rather than buying it. Therefore, a focus of this work was assigning two major 
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classifications to each spatial grid cell, land type and forest access type. The calculation scheme 
is summarized in Figure 5.3, with input data listed on the left. The first classification was a land 
type, defined as urban, electrified rural, or non-electrified rural; the second division was a forest 
access type (access, no access). I refer to the combination of land type and forest access type as 
“land type.” These definitions relied on global GIS maps, including population distribution from 
CIESIN [2005], which is available for year 2010, but the population counts in each grid are 
extrapolated from population data in year 2000. All geoprocessing in this study was done by 
ArcGIS version 9.3 (ESRI, CA), and spatial grid cells were 2.5 arc-minutes on each side.  
(1) Land Type 
I use uniform definitions to classify land uses into “urban,” “electrified rural”, and “non-
electrified rural.” Although these terms may have varying meanings within different countries or 
programs, this definition is consistent for all countries.  The classifications I use here are:  
- Urban area (Step A in Figure 5.3): The urban extent map developed based on year 2000 data 
from CIESIN [2004] is used to identify urban areas. These urban areas have contiguous 
lighted cells from nighttime light databases with a population in greater than 5000 persons in 
one gridded cell (2.5' x 2.5').   
- Electrified rural area (Step B in Figure 5.3): A non-urban area that is electrified, according to 
the global nighttime light maps in 2010 from NOAA-NGDC [2014], version 4.  This map 
contains lights from cities, town, and other sites with persistent lighting. Background noise 
and ephemeral events such as fires were discarded by the publisher’s algorithm. 
- Non-electrified rural area: An area that fits neither of the two definitions above. 
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Figure 5.3 Scheme for classifying population into land types, including urban (UNF), 
electrified rural with forest access area (ERFA), electrified rural with non-forest access 
area (ERNF), non-electrified rural with forest access area (NRFA), and Non-electrified 
rural with non-forest access area (NRNF). All input data are from global GIS maps with 
cells 2.5 arc-minutes on each side. 
The combination of population and nightlight maps estimates some differences in electrification 
rates compared with IEA reports, as summarized in Table 5.6. Whereas IEA data may include 
situations with incomplete or unreliable electrification, use of the nightlight data identifies 
regions where electricity supply is sufficient to provide illumination. 
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Table 5.6 Comparison of electrification rates in 2010. 
Regions Electrification Rates (%) 
IEA [2012] This Study 
Sub-Sahara
1
 32% 26% 
North Africa
1
 99% 80% 
East Asia/China
1
 92% 70% 
South Asia
1
 70% 73% 
Latin America 94% 71% 
1 Regions follow IEA regions for comparison 
(2) Access to Forest 
I define a Forest Access Area (FAA) as an area where forest fuelwood is available for use. The 
choice to collect fuel from a forest is often based on proximity, so I set a distance from the forest 
to identify FAA. Pandey [2002] reported that fuelwood consumption in rural households in India 
is greatest for households closest to the forest.  He found that people living 3-5 km from the 
forest had almost 100% greater consumption than those beyond 8 km from the forest. Tabuti et 
al. [2003] found that 94% of household dwellers in Uganda would walk 1-2 km to collect 
fuelwood, but only 5% would walk 2-5 kilometers. For mountain villages in India, Bhatt and 
Sachan [2004] found that the average distance between collection forest and villages was shorter 
at higher altitude: 3 km from villages for people living less than 1000 m above sea level, but only 
1.3 km for households above 2000 m above sea level. Near a national park in India, Sumati 
[2006] found that the households closer to forests relied more on forest fuelwood. These studies 
are inconclusive with regard to optimal distance, but the purpose of the present work is to 
identify when forest proximity is a determining factor in the use of fuelwood. I selected 5 km as 
the distance from the forest border to designate FAA, which is consistent with studies where 
altitude is not a factor.  
For location of forests, I use the land cover map from European Commission [2003] for the year 
2000, the most recent land cover map available on a global scale. I overlaid this map with rural 
population to determine people within and outside of FAA (Step C in Figure 3). I assumed that 
forest access does not affect behavior in urban land types. Land cover maps are also available 
from other sources, e.g. Forest Resources Assessment [FRA, 2000], but the European 
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Commission map [2003] was based on newer data. Land cover maps vary widely in their 
identification of forest, leading to great differences in the apparent number of people in the forest 
area. Using the European Commission map to identify forests, 1.1 billion people live in FAA; 
using the Forest Resources Assessment map, only 10 million people live in FAA. For 
comparison, the Food and Agriculture Organization has estimated that 450 million people live in 
a forest ecosystem [FAO, 2003], and the use of European Commission maps is more consistent 
with that estimate, which does not count people living just outside the forest. These differences 
in forest area affect any conclusions based on forest access.  
The result of this step is a classification of each grid cell as one of five land types: Urban Non-
Forested (URB), Electrified Rural with No Forest and with Forest Access (ERNF, ERFA), and 
Non-electrified Rural with No Forest and with Forest Access (NRNF, NRFA).  
Objective 2b, Develop Spatial Distribution of Residential Emission based on 
National Fuel Allocation in Different Land Types 
Task 2b(iv): Spatial Distribution of Fuel Use 
I used national boundary maps from CIESIN [2005] to identify the region within which each 
nation’s fuel consumption should be distributed. I discussed the distribution of fuels among end-
uses in Task 2a(ii) and Task 2a(iii), I described how the classification of grid cells as land types: 
urban, electrified rural, or non-electrified rural, and FAA or non-FAA. This section describes 
how national fuel allocations for each end-use are distributed among land types.  
For each end use, per-capita useful energy is assumed to be the same regardless of land type 
assuming that people in the same country require the same amount of useful energy—that is, the 
energy actually used to cook or heat. Delivered energy—the energy delivered to the stove— 
varies by land type because of the quality of stoves and fuels. Therefore, total useful energy 
requirements for each land type are based only on population. I translate delivered energy for 
each end-use (Task 2a(ii)) to useful energy by using stove efficiency (Table 5.2) and distribute 
fuels to meet those needs, as described below. 
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Use of fuelwood is one of the most important determinants of emission from the residential 
sector because of its high emission and widespread use. I assumed that people in FAA collect 
fuelwood, while people who live outside of FAA would have to buy it or obtain it through less 
convenient means. Therefore, I allocate fuelwood first to meet the needs of population in FAA. 
The remaining fuelwood and other fuels are allocated within a country by making some major 
assumptions. First, device efficiency is a proxy for convenience and, hence, desirability; and 
second, areas that have received electrical access are more likely to receive other desirable goods 
than other areas. I therefore fill energy demand in urban areas with the most convenient fuels. 
The fuels with the next highest efficiency are distributed to electrified rural areas, and finally the 
remainder was distributed in non-electrified rural areas. The distribution order is listed in Table 
5.5. For example, I first distribute electricity to urban areas. If the available electricity is 
insufficient to meet energy demand in the urban area, I then distribute natural gas, the fuel with 
the second highest efficiency. On the other hand, if electricity is enough to fulfill energy 
requirement in urban areas, I then distribute the remaining electricity in electrified rural land 
types.  
Task 2b(v): Emission Calculation 
Emissions are calculated according to Equation (5.1), which connects useful energy of different 
fuels with stove efficiencies and the fraction of population using those fuels and stoves. In this 
baseline emission, I assume efficiencies and emission factors of traditional stoves for all 
locations. Improved stoves are currently used in some areas [Ramakrishna et al., 1989; Qiu et 
al., 1996; Sinton et. al., 2004]. The most successful stove program has occurred in China, where 
155 million of 236 million rural households had improved biomass or coal stoves in 1998 [Sinton 
et al., 2004]. These improvements, however, focused on adding chimneys rather than decreasing 
emissions, and a study conducted in Zhejiang, Hubei, and Shaanxi found that their field 
efficiencies were less than designed values and only sometimes higher than those of traditional 
stoves [Sinton et al., 2004]. Despite successful programs, improved stoves have achieved low 
penetration in other locations. Furthermore, some of stoves disseminated do not reflect prolonged 
use [Ruiz-Mercado et al., 2011], and in-use efficiencies and emissions have been similar to those 
of traditional stoves.  
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5.4 Estimate Reduction in Emission Reduction Scenarios Considering Spatial 
Distribution of Resources and Population 
Objective 2c, Estimate Emission Reduction from Fuel and Stove Scenarios 
Task 2c(vi): Emission Reduction Scenarios 
I consider two general types of interventions: cleaner stoves and cleaner fuels. Serious mitigation 
efforts would rely on a combination of the two, so this division is exaggerated. I investigate these 
extremes to demonstrate where and how benefits are likely to occur from each type of mitigation. 
Emission scenarios are summarized in Table 5.7 and discussed in the following sections. In each 
scenario, I assume that the spatial distribution of fuel consumption for each end-use remains the 
same, but stove efficiencies, emission factors, or fuels may change.  
Table 5.7 Emission reduction scenarios explored in this work. 
Scenarios Major Assumptions 
Improved Stoves:  
 Cleanest Current Stove 
Cleanest existing stoves in each land type and fuel for all 
end-uses 
Improved Stoves:  
 Stove Standards 
Stoves that meet performance standards for cooking, water 
heating, and heating end-uses 
Clean fuels:  
 Fuel Switching 
Switching to electricity in electrified areas and LPG in 
non-electrified areas, except when free fuels are available
1 
1 Free fuels refer to fuelwood in forest access areas, and agricultural waste and dung in rural areas 
(3) Improved Stoves: Cleanest Current Stoves 
In all improved stove scenarios, I assume that the type of fuels consumed in each land type 
remains the same, and updated stoves are used to burn the same fuel with higher efficiency and, 
perhaps, lower emissions. Such stoves have been broadly termed “improved stoves.” In the 
“cleanest current stove” scenario, I alter the stoves in the baseline scenario to the cleanest 
existing stoves that are compatible with each land type, summarized in Table 5.8. Clean stoves 
may be used as interventions when people cannot or will not switch to cleaner fuels due to 
financial limitations, adherence to traditional cooking practices, or persistent availability of a 
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competing fuel [Wijayatunga and Attalage, 2003; Barnes et al., 2005; Schlag and Zuzarte, 
2008]. The criteria for inclusion is that stoves are commercially available and have broad 
acceptability demonstrated in at least one location. Some stoves termed “improved” may 
increase combustion efficiency but yield higher emission per fuel burned [Smith et al., 2000b; 
Jetter and Kariher, 2009]. Even so, total emission may decrease if fuel savings offset emission 
increases. 
The highest efficiency stove for fuelwood is the improved stove with a fan, which can currently 
be used where electricity is available. This type of stove uses a small fan to introduce air either 
below or above the combustion chamber. The increased turbulence causes mixing which 
improves combustion, decreasing emissions [Witt, 2005; Philip, 2006; MacCarty et al., 2010; 
Raman et al., 2013]. For lighting, I assume a switch to hurricane lamps, which have lower 
emissions than kerosene wick lamps [Lam et al., 2012]. Emission factors and efficiencies for 
improved stoves are also summarized in Table 5.9. 
New technologies not considered here include photovoltaic and thermoelectric stoves which can 
generate electricity from the sun or the heat of combustion, respectively, operating fans without 
grid electricity [Champier et al., 2010; Champier et al., 2011; Kumar et al., 2013; 
O’Shaughnessy et al., 2013].  These fan-assisted stoves could be used in both electrified and 
non-electrified land types. Another novel technology is the semi-gasifying stove, in which 
release of volatile matter from fuelwood is spatially separated from combustion [MacCarty et al., 
2010; Varunkumar et al., 2012; Kumar et al., 2013]. Although these promising stoves can have 
low emissions and high efficiency, the persistence of use has not yet been demonstrated in large 
programs. 
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Table 5.8 Improved stove technologies assumed for the “Cleanest Current Stove” scenario. 
The same technology is used in electrified and non-electrified land types unless stated. 
Emission factors and efficiencies are based on laboratory measurements unless indicated. 
Tier values (Tx/Ty) refer to standards that the stoves would meet for efficiency (Tx=Tier x) 
and PM emissions (Ty=Tier y). 
Fuel  Improved stove technology 
End-Use: Cooking and Other 
Fuelwood:  
Electrified land types 
Ceramic composition materials for inner wall of combustion 
chamber and fan to provide primary and secondary air 
1
 (Tier 3/3), 
with flue 
Fuelwood:  
non-electrified land types 
Insulated combustion chamber to increase combustion efficiency; 
stove with flue 
2
 (in-field emission factors, Tier 2/0)  
Natural Gas
 
Infrared head (circular device to convert heat to radiation), without 
flue
3
 
LPG Infrared head
 
(see above), without flue
3 
Coal Galvanized flue pipe and ceramic chamber with cast iron ring 
4
 
(laboratory emission factors with ignition period included, Tier 2/0) 
Charcoal Insulated combustion chamber, slanted pot rests and equally 
distributed holes on a grate
5
 (Tier 2/2) 
Agricultural Waste  Metal with equally distributed holes on a grate without flue
5 
(Tier 
1/0) 
Dung Stove made with metal with equally distributed hole on a grate 
without flue
7
 (Tier 2/0) 
All others, including kerosene No change in technology 
 
End-use: Space Heating 
Fuelwood USEPA certified catalytic fireplace woodstove
8
 (Tier 4/4)
 
 
All others, including coal No change in technology 
 
End-use: Lighting 
All Fuels: Electrified land 
types 
Electricity 
All fuels:  
Non-electrified land types 
Kerosene Hurricane Lamp
9
 
1 Philips [2006] and MacCarty et al. [2008] 
2 Johnson et al. [2008] and Roden et al. [2009]; in-field emission factors.  
3 Zhang et al. [2000] 
4 Zhi et al. [2008]; Zhi et al. [2009] 
5 Bhattacharya et al. [2002] 
5 Joshi et al. [1989] and Smith et al. [2000b]. 
6 Joshi et al. [1989] and Venkataraman and Rao [2001]. 
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Table 5.8 (cont.) 
7 Houck and Tiegs [1998], McDonald et al. [2000], and USEPA [2013]. 
9 Lam et al. [2012]. 
Table 5.9 Cooking, heating, lighting, and other end-use stove efficiencies and emission 
factors for all improved stoves used in this study. 
Fuel 
Efficiency 
(%) 
EF (g/kg)
2
 
CO CO2 NOx PM BC OC CH4 NMHC 
Cooking/ Water Heating
1
 
Natural Gas
3
 75
4 
0 3440 0.6 0.2 0.0
5 
0.0
5 
0.0 0.2 
Derived Coal
3 
35
6 
59 2710 0.4 4.5
7 
0.1
8 
2.4
8 
0.0 0.0 
Anthracite Coal 35
6 
162 2248 0.9 1.1
9 
0.0
10 
0.1
10 
5.2 2.1 
Other Coal 35
6 
162 2248 0.9 12.0
11 
4.1
 
5.9
 
5.2 2.1 
LPG
3 
65
6 
19 3060 0.1 0.0 0.0
5 
0.0
5 
0.3 6.2 
Charcoal
13 
25
14 
168
15 
2384 0.3 1.5
16 
0.2 0.5 9.2 6.8 
Fuelwood
17 
30
18 
47 1583 0.5 3.8 1.2 2.1 7.7 10.6 
Fuelwood - 
Fan
19 
40
20 
15 829 0.5 0.5 0.1 0.3 7.7 1.6 
Agri Waste
23 
20
24 
52
24 
1352 0.7 3.6
24 
0.4 1.4 3.8 12.6 
Dung 25
25 
36
25 
1020 0.7 5.1
25 
1.2 3.8 11.7 21.0 
Heating
1 
Fuelwood
21
 70
22
 48 1583 0.6 2.3 0.4 0.6 7.6 10.6 
Lighting
1 
Kerosene
12
 - 3 3085 0.6 13.0 9.0 0.5 0.4 8.8 
1 Technologies of improved stoves are summarized in Table 2. 
2 Assumed the same as traditional stoves unless references are provided. 
3 Zhang et al. [2000]. 
4 Assumed: efficiency of natural gas cookstove equal to efficiency of electric cookstove. 
5 Calculated by using ratio of BC/PM and OC/PM from Bond et al. [2004]. 
6 Assumed: efficiency of improved coal stoves are 10% higher than traditional stoves based on averaged increased in efficiency 
of biomass stoves. 
7 Chen et al. [2005]; Zhi et al. [2008]; Zhi et al. [2009]. 
8 Chen et al. [2005]; Zhi et al. [2008]; Chen et al. [2009]; Zhi et al. [2009]. 
9 Zhi et al. [2008]. 
10 Zhi et al. [2008]; Chen et al. [2009]. 
11 Zhi et al. [2008]; Zhi et al. [2009]. 
12 Lam et al. [2012]. 
13 Bhattacharya at al. [2002]. 
14 Bhattacharya at al. [2002]; Jetter et al. [2012]. 
15 Bhattacharya at al. [2002]; MacCarty et al. [2010]; Jetter et al. [2012]. 
16 MacCarty et al. [2010]; Jetter et al. [2012]. 
17 Laboratory measurements are provided by Joshi et al. [1998]; Smith et al. [2000]; Zhang et al. [2000]; Venkataraman and Rao 
[2001]; Bhattacharya et al. [2002]; Jetter and Kariher [2009]; Jetter et al. [2012]; MacCarthy et al. [2010]; Preble et al. [2014], 
and average 3.0 g/kg for PM and 45 g/kg for CO. For PM, BC, OC, and CO, the values given here are from two in-use studies of 
stoves with chimneys: Johnson et al.[2008] and Roden et al. [2009]. Cooking stoves without chimneys had much lower reduction 
[Roden et al., 2009], especially in PM (25%). This low reduction was confirmed by Kar et al. [2012], who found only a 28% 
reduction in plume-zone black carbon for stoves with insulated combustion chamber and without air control. These in-field 
emission factor measurements differ from reductions predicted by laboratory studies.  
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Table 5.9 (cont.) 
18 Joshi et al. [1989]; Smith et al. [2000]; Venkataraman and Rao [2001]; Bhattacharya et al. [2002]; Jetter and Kariher [2009]; 
Jetter et al. [2012]. 
19 MacCarty et al. [2008]; Jetter and Kariher [2009]; MacCarty et al. [2010]. 
20 Jetter and Kariher [2009]; Jetter et al. [2012]. 
21 Houck and Tiegs [1998]; Koyuncu and Pinar [2007]; Goncalves et al. [2010]; Pettersson et al. [2011]. 
22 Houck and Tiegs [1998]. 
23 Smith et al. [2000]. 
24 Joshi et al. [1989]; Smith et al. [2000]. 
25 Joshi et al. [1989]; Venkataraman and Rao [2001]. 
 
(4) Improved Stoves: Stove Standards 
To promote good stove performance, there have been efforts to set efficiency and emission 
standards to guide international stove replacement efforts [ISO, 2012]. One current rating system 
is known as the International Workshop Agreement (IWA), produced through a process led by 
the International Organization for Standardization (ISO). It provides ratings in four Tiers. Similar 
to automobile standards, the higher the Tier, the lower the emission and the higher the efficiency 
is. The Tiers were set by considering performance relative to a three-stone fire, and by estimating 
room concentrations relative to the World Health Organization guidelines [World Health 
Organization, 2010]. The highest Tiers are aspirational rather than demonstrated, as many 
improved stoves in wide use do not achieve these goals. In this work, I explore the implications 
of achieving each Tier for cooking stoves for efficiency, emissions of CO and CO2, and PM. 
These standards affect efficiencies and emissions only for solid fuel stoves, because other fuels 
are cleaner and more efficient than Tier 4 standards. I assumed that people use the same stoves 
for cooking and Other end-uses, and applied the same standards.  
The ISO standards do not address heating stoves, so I applied existing Chinese standards 
[National Standard of the People’s Republic of China, 2005; 2012; 2014] for heating end-uses of 
biomass and coal . The standards regulate stove efficiency and PM, NOx, and CO emission. To 
approximate Tier 1 and Tier 2 standards, I apply Chinese national standards, and to match Tier 3 
and Tier 4 standards, I apply the tighter standards used in the City of Beijing. Emission and 
efficiency standards are listed in Table 5.10 and 5.11 for cooking and heating stoves, 
respectively. The treatment here assumes that stoves used for heating are separate from those 
supplying cooking. In practice, both needs may be supplied with the same stove.  
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Table 5.10 Emission and efficiency standards for cooking stoves. 
Tier Efficiency 
CO Emission 
(g/MJ) 
PM2.5 Emission
1 
(g/MJ) 
Tier 1 ≥ 15% ≤ 16 ≤ 979 
Tier 2 ≥ 25% ≤ 11 ≤ 386 
Tier 3 ≥ 35% ≤ 9 ≤ 168 
Tier 4 ≥ 45% ≤ 8 ≤ 41 
1 Assume that PM2.5 = PM 
Table 5.11 Emission and efficiency standards for heating stoves in China. 
Tier Fuels Efficiency 
CO Emission 
(g/kg) 
PM Emission  
(g/kg) 
Tier 1 
Biomass ≥ 65% ≤ 24.7 ≤ 6.4 
Coal ≥ 60% - ≤ 6.2 
Tier 2 
Biomass ≥ 65% ≤ 24.7 ≤ 6.4 
Coal ≥ 60% - ≤ 6.2 
Tier 3 
Biomass ≥ 65% - ≤ 3.7 
Coal ≥ 60% - ≤ 3.7 
Tier 4 
Biomass ≥ 65% - ≤ 3.7 
Coal ≥ 60% - ≤ 3.7 
 
(5) Clean Fuel: Fuel Switching 
The Fuel Switching scenario illustrates the assumption that users adopt the cleanest plausible 
fuels, and that the plausibility of each fuel differs by land type. I assume either that users can 
afford fuels or that a policy mechanism enables their purchase. Because emphasis is on providing 
clean fuels rather than improving stove quality, traditional stoves are still used for the new fuels, 
with efficiency and emission factors as discussed in Table 5.2. A major assumption is that 
fuelwood in forest access areas, dung, and agricultural waste are free, disregarding the value of 
the users’ time in collecting them, so that price changes do not cause fuel switching. For 
cooking, heating, and other end-uses, I assume that users of kerosene, coal, firewood or charcoal 
switch to electricity if it is accessible (electrified land types), or LPG if it is not. Electricity and 
kerosene are used for lighting in electrified and non-electrified areas, respectively, as reported by 
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Zhou et al. [2009], Miah et al. [2010], and Gwavuya et al. [2012].  Specific assumptions are 
summarized in Table 5.12. 
Table 5.12 Summary of Replacement Fuel in Fuel Switching Scenario. 
From Fuel Type 
Replacement Fuel in Fuel Switching Scenario  
 
URB
1 
ERFA
1 
ERNF
1 
NRFA
1 
NRNF
1 
Cooking, heating, and other end-uses 
Electricity 
 Same Same Same N/A
2
 N/A
2
 
Natural gas 
Renewable Energy 
Biogas 
Same Same Same Same Same 
Fuelwood 
 ELE Same ELE Same LPG 
Agricultural waste 
Dung 
 
ELE Same Same Same Same 
LPG 
Kerosene 
Coal 
Charcoal
 
ELE ELE ELE LPG LPG 
1 URB = Urban; ERFA = Electrified Rural with Forest Access; ERNF = Electrified Rural with Non-Forest Access; NRFA = Non-
electrified Rural with Forest Access; NRNF = Non-electrified Rural with Non-Forest Access. 
2 N/A = Not Applicable. 
5.5 Results 
This fuel allocation and emission calculations are developed on a country level, and countries are 
grouped into five regions for presentation: Africa, Latin America, East Asia, South Asia, and 
Southeast Asia. Population distribution in five land types is given in Section 5.5.1. I then discuss 
energy consumption (Section 5.5.2) and emission estimates (Section 5.5.3). PM and NOx 
emissions are illustrated here; trends in PM emissions are similar to those of other incomplete 
combustion products. In Section 5.5.4, I compare BC, OC, and NOx emission with other 
inventories, and compare emission distributions with those from a common distribution method. 
Spatial distribution maps of PM emissions are presented in Section 5.5.5.     
I compare emissions under each reduction scenario. Emission changes by land type are discussed 
in Section 5.5.6 – 5.5.7 in the scales of global, regional, and national. In Section 5.5.8, I discuss 
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emission reduction comparison with natural sources. Finally, information needed for improving 
emission estimates is discussed in Section 5.5.9.  
CO2 emissions are affected only by efficiency. A similarity between reduction levels for CO2 and 
for another pollutant indicates that the main improvement is caused by lower fuel use; if the 
reduction levels are very different, improved combustion has also played a role. When improved 
combustion reduces products of incomplete combustion, many pollutant reductions are similar to 
PM. NOx behaves differently; emission per unit fuel burned may increase with stove efficiency 
and hotter combustion. Therefore, I discuss mainly CO2, PM, and NOx emission and reductions 
here, with other pollutants summarized in the Appendix E. However, the residential sector 
produces just 4% of global NOx emissions [IIASA, 2012; EDGAR, 2012], so reductions of that 
pollutant are discussed in less depth.  
5.5.1 Spatial Distribution of Population 
The distribution of land types for the study region is presented in Figure 5.4. Large portions of 
the world are classified as non-electrified (grey and green), while larger clusters of electrified 
land types are found in East Asia, South Asia, and Latin America. The green land types in Figure 
5.4 are areas where wood is available but electricity is not, and wood is likely to become the 
main fuel in the absence of other provisions. Gray areas lack both electricity and readily 
available wood. 
The population associated with each land type and region is listed in Table 5.13. More than 35% 
of the total study population has no electricity (NRFA and NRNF). The greatest percentage of 
people without electricity is in Africa (66%). On the other hand, in the study regions, 25% of the 
population lives in urban land types where high efficiency fuels may be available. The 
percentage of people in urban land types is greater in Latin America and Southeast Asia (45% 
and 31%, respectively). 
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Figure 5.4 Classification of study region into five land types: URB = Urban; ERNF = 
Electrified Rural with Non-Forest Access; ERFA = Electrified Rural with Forest Access; 
NRNF = Non-electrified Rural with Non-Forest Access; and NRFA = Non-electrified Rural 
with Forest Access. White areas are not included in the study region. 
Table 5.13 Population distribution in five land types. 
Region 
Population (in millions) 
UNF ERFA ERNF NRFA NRNF Total 
L. America 260 110 40 120 50 580 
Africa 190 70 80 310 340 990 
E. Asia 340 340 330 310 120 1440 
S. Asia 360 300 510 180 240 1590 
SE. Asia 180 120 110 120 50 580 
Total 1330 940 1070 1040 800 5180 
 
5.5.2 Allocation of Residential Energy Consumption 
Total delivered energy consumption in the study region was 48600 PJ in 2010, as reported by 
IEA [2012] and summarized in Figure 5.5a. The distribution of energy among end-uses (Figure 
5.5b) and land types (Figure 5.5c) is the contribution of this study.  
Figure 5.5b shows that cooking is the dominant residential end-use, consuming 31%-74% of 
total energy consumption, with an average of 54%. Heating energy consumes a significant 
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amount of energy (22%) only in East Asia due to the colder climate, and less than 5% of energy 
in other regions. Lighting consumes a small fraction of household energy, from 1% to 3% in all 
regions. Other unallocated end-uses account for a wide range (24-46%) of energy consumption 
depending on the region, which is consistent with literature summarized in Tsk 2a(i).  
 
Figure 5.5 Energy consumption in the five biomass-heavy regions within this study: a) 
Total energy consumption in 2010; b) Fractions of energy consumption in four end-uses; c) 
Distribution of energy consumption among five land types. Land types are Urban with 
Non-Forest Access (URB), Electrified Rural with Forest Access (ERFA), Electrified Rural 
with Non-Forest Access (ERNF), Non-electrified Rural with Forest Access (NRFA), and 
Non-electrified Rural with Non-Forest Access (NRNF).  
Figure 5.5c summarizes how energy consumption is distributed among the five land types. This 
distribution is largely driven by population and, to a lesser extent, fuel type via efficiency. 
Energy consumption in urban areas of Latin America, electrified land types in South Asia, and 
non-electrified land types in Africa and East Asia is relatively higher because of the larger 
population in those regions. Where low-efficiency fuels are used, delivered energy consumption 
a) b) 
c) 
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increases, for example in non-electrified land types in Africa and East Asia, or in forest access 
areas.   
5.5.3 Emission Estimates 
Total emission and per-capita emission within five land-types in each region are presented in 
Figure 5.6.  
 
Figure 5.6 Emission and per-capita emission attribution in the residential sector for PM 
and NOx. Upper charts show total emissions, with the divisions within each bar 
representing the contribution of each land type. Lower charts show per-capita emission; 
bars show average per-capita emission, and symbols show variation among land types.  
The total emissions in Figure 5.6 (upper charts) partly reflect the fact that greater populations 
produce higher emissions. The quality of fuel consumed in the region also affects emission, 
because fuels that burn with high efficiency also have better combustion and lower emissions of 
products of incomplete combustion. For example, Latin America and Southeast Asia have 
similar populations, but the former has more high efficiency fuels and thus has lower PM 
b) a) 
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emissions. Per-capita PM emission in Africa is highest because of very high biomass 
consumption (83% of total regional energy consumption).  
Per-capita PM emission in areas without forest access, URB and ERNF, are lowest because high-
efficiency fuels are distributed there. ERFA is an intermediate region, where access to both forest 
and electricity occurs and use of high quality fuels may decrease per-capita emission. Per-capita 
PM emission in NRNF is high because the lowest efficiency fuels in each region are assumed to 
be used in this land type.  
NOx is preferentially produced by high-temperature combustion and high-efficiency fuels, as 
shown by higher per-capita emissions in ERFA and ERNF, where I assume that natural gas, 
LPG, and coal are distributed. Per-capita NOx emission from East Asia is nearly three times 
higher than other regions because of high coal and natural gas consumption. In Latin America, 
per-capita NOx emissions are lower than in East Asia because electricity is more widely used. 
5.5.4 Comparison with Previous Studies 
Total Emission Comparison 
Total fuel consumption and emissions estimated in this study and in previous studies are 
presented in Table 5.14. Although I focused on PM emission for this residential emission, 
previous studies have reported carbonaceous emissions (BC and OC) from the residential sector, 
and these are compared here. Slight differences caused by choices of emission factors or activity 
data are commonly 20% and are considered to be consistent within uncertainties; factors of two 
or greater indicate major discrepancies. Through Monte Carlo analysis, Lu et al. [2011] 
demonstrate that emissions of carbonaceous aerosols are uncertain by a factor of two in either 
direction. Thus, the emissions presented here are comparable to other major inventories within 
uncertainties.  
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Table 5.14 Emission comparison between this study and previous studies, for the year 2010. 
Country Fuel 
This study (Gg/yr) Other studies (Gg/yr) 
Sources Energy 
(PJ) 
BC OC NOx 
Energy 
(PJ) 
BC OC NOx 
China 
Coal 1980 330 500 80 2650 50 70 270  
 
 
Klimont et al. [2009] 
Biofuel 8060 470 1740 260 8200 650 1780 590 
Others 4940 30 6 100 1290 1 1 20 
All 15000 830 2240 450 12100 700 1850 880 
India 
Coal 140 20 40 6 340 40 70 30 
Biofuel 5580 420 1550 80 6850 580 1540 340 
Others 1490 150 5 30 1480 8 10 90 
All 7200 590 1590 110 8670 630 1620 460 
Total 
Asia  
All 32300 1780 5150 790 31350 2020 5080 1910 
China All - 830 2240 - - 936 2790 - 
Lu et al. [2011] 
India All - 590 1590 - - 579 1946 - 
 
Energy consumption in this study is very close to that in the GAINS database [Greenhouse Gas 
and Air Pollution Interactions and Synergies; Klimont et al., 2009]. Both studies use IEA data, so 
any differences arise primarily from emission factors (Table S3). BC and OC emissions from 
China in this study are similar to those in GAINS, but this study estimates much more BC and 
OC from coal by a factor of about five, and less BC from biofuel. Emissions from China and 
India, compared with those of Lu et al., are similar. Emissions of both BC and OC from India are 
also similar with GAINS. For NOx, this study estimates lower emission than those of GAINS, 
especially for biofuel in India. All of these differences can be attributed to choices of emission 
factors. 
Comparison of Spatial Distribution of Emission 
A typical assumption regarding spatial distribution of residential emission (e.g. Bond et al., 
2004) is that solid fuels (biomass and coal) are used only in rural areas and other fuels such as 
LPG, kerosene are used in both urban and rural areas, or only in urban areas. I compare spatial 
distribution emission in this study with this earlier method, which I will term “urban/rural.” In 
order to isolate differences caused only by spatial distribution, I distribute the same emissions in 
two ways: the urban/rural method, and the method described in this study. The comparison is 
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summarized in Figure 5.7 for PM and NOx. Points lying above the 1:1 line mean that this study 
estimates higher emission in a region than the urban/rural method. 
In general, the distribution method developed here lowers PM emission where efficient fuels are 
found and increases emission where inefficient fuels are assumed. The greatest changes are an 
increase in URB emission by 190% and a decrease in ERNF emissions by 72% in the global 
average, because of the assumption that modern fuels can penetrate there. Emissions in non-
electrified locations increase modestly, by 47% and 39% in NRFA and NRNF, respectively. The 
distribution method presented here shifts PM emission from URB and ERNF to other land types 
in all regions except Africa. Compared with the urban/rural method, the distribution method 
presented here would reduce the estimates of exposure to residential fuel emissions in land types 
without forest access and with electricity, and would place these emissions in non-electrified 
rural land types. 
For NOx, the distribution method presented here increases emissions in NRFA and NRNF by 
35%and 53% overall and decreases emissions in URB, ERFA, and ERNF by 33%, 36%, and 
28%. Emissions shift from FAA to non-FAA in Africa, South Asia, and Southeast Asia, and 
from electrified land types to non-electrified land types in East Asia.  
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Figure 5.7 Emission comparison between the distribution method described in this paper and the urban/rural distribution 
method for PM and NOx. The comparison for other pollutants from incomplete combustion is similar to PM and is not 
presented here. Colored, filled symbols indicate land-type; surrounding unfilled symbols indicate geographic region. Note the 
log scale on both x and y axes. The inset plots show emission comparison in five land types for the global total. The dotted line 
indicates equality (1:1) while the solid lines indicate differences of a factor of two in either direction.
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5.5.5 Spatial Distribution of Pollutant Emission (baseline in year 2010) 
Gridded PM emissions at 0.04ºx0.04º resolution are presented in Figure 8. Other pollutants show 
similar patterns which are mostly driven by population. 
 
Figure 5.8 Spatial distribution (in 0.04x0.04 degree gridded cell) of PM emission. Emissions 
are in log scale. 
The greatest PM emission is found in areas with both high population and solid fuels: the north-
east and south-east parts of China, part of India, main island of Indonesia, and some areas in 
Africa. These areas typically have forest access, but coal consumption also contributes to 
emissions in China. Other areas with significant but lower emission (yellow area in Figure 5.8) 
are forest access with lower population. The remaining areas produce low PM emission and are 
mostly NRNF (Figure 5.4) with low population. 
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5.5.6 Global Emission Reduction from Mitigation Scenarios 
Figure 5.9 summarizes overall emission reductions for fuel-switching and cleanest stove 
scenarios for the study region, as well as stove standard scenarios. Each figure shows emissions 
of PM in five land types in a cumulative manner; that is, the level of emissions shown for each 
land type is equal to emissions in that land type plus all land types to the left. Total emissions 
under each scenario are the emission values at the farthest right. The change in emissions in a 
particular land type can be determined by comparing the size of the steps between the scenario 
and the baseline. A comparison of reductions in pollutants over all land types also appears in 
each figure.  
The upper panel in Figure 5.9 compares global emissions of PM in three scenarios: baseline, 
cleanest current stoves (“Stoves”), and fuel-switching (“Fuels”). Emission and reduction of PM 
in urban areas (URB) are low in terms of absolute magnitude because of the efficient fuels 
already used there; relative reductions in the Fuels and Stoves scenarios are 99% and 92%, 
respectively.  
Cleaner fuels cause a 25% PM reduction overall. Much of this change can be attributed to a shift 
toward greater efficiency, rather than an improvement in combustion. CO2 emissions change by 
almost the same amount (26% overall) and other products of incomplete combustion have 
similar shifts, with a 32% overall reduction in CO and a 20% reduction in NMHC. These 
measures have the greatest effect in areas where fuel switching is assumed, outside of land types 
with forest access. More than 76% of the 3974 Gg reduction in PM occurs in ERNF and NRNF, 
and for all other pollutants except NOx, 68-84% of the reduction occurs in those two land types.  
Cleaner stoves, in contrast, preferentially affect land types with forest access, where about half of 
the fuel is used and fuel switching is assumed to be ineffective. The cleanest current stove 
scenario gives an overall PM reduction of 72%. Other pollutants except for NOx are reduced by 
39-76%. Efficiency improvements are largely responsible for these changes, as CO2 emissions 
decrease by 39%. Products of incomplete combustion decrease by more than CO2 because of 
better combustion with lower emission factors.   
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Figure 5.9 Emission reductions in the entire study region for fuel-switching and cleanest 
stove scenarios (top) and stove standard scenarios (bottom). Each figure shows cumulative 
emissions over five land types; that is, the level of emissions shown for each land type is 
equal to emissions in that land type plus all land types to the left. Right panels show the 
total percent of baseline emissions for eight pollutants (top) and for the four pollutants 
affected by stove standard scenarios (bottom).  
Unlike products of incomplete combustion, NOx emissions might increase as combustion 
improves because it is produced, in part, by hotter combustion. However, in the cleaner-fuels and 
current-cleanest-stoves scenarios, NOx emissions decrease by 16% and 28%, respectively, 
largely driven by the decrease in fuel consumption without a large increase in NOx emission 
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factor. NOx emissions increase in only one land type (NRNF) under the fuels scenario, caused 
by switching to LPG, which has a higher NOx emission factor.  
The lower panel of Figure 5.9 summarizes emission changes under the stove-standard scenarios. 
Only PM, CO, and CO2 are discussed here because there are no standards for the other 
pollutants. Tier I stoves, the lowest level of improvement, are not as good as the cleanest current 
stoves. Tier I stoves result in PM reductions of 64%, CO reductions of 40%, and CO2 reductions 
of only 5%. Tier II stoves are much better than Tier I stoves in terms of efficiency, resulting in 
large emission reductions of all pollutants, and an overall reduction greater than the current-
cleanest-stove scenario. Compared with Tier II, Tier III and Tier IV stoves also make efficiency 
advances; the CO2 reductions are 29%, 43%, and 51%, respectively. The higher Tiers make 
aggressive PM reductions of 81%, 90% and 94% for Tiers II, III and IV. However, for CO, 
comparative decreases beyond Tier II are lower than CO2 percentage reductions. CO emissions 
for cooking stoves are specified as emissions per liter of water boiled, rather than per amount of 
fuel burned. Efficiency decreases are more than sufficient to satisfy the CO emission standards.  
For the stove standard scenarios, 62% of PM emission reductions occur in NRFA and NRNF 
land types, where most of the solid fuel is used. In ERFA, improved stoves with fans reduce 
emissions relatively more than the stove alternatives in land types without electricity. In contrast, 
when cookstove standards are assumed to be achievable regardless of current technology, a 
noticeable efficiency increase and emission reduction occurs in all Tiers. Greater emission 
reduction in cookstove standard scenario is found in the two non-electrified land types (NRFA 
and NRNF) where solid fuels are most prevalent. 
In all regions included in this study, cooking standards provide highest emission reduction 
because they account for energy consumption and emission in both cooking and other end-uses. 
The overall PM emission is reduced by 77% and 4% by applying Tier 2 cooking and heating 
stove standards, respectively. With Tier 4 standards, PM emission reduction of 88% in cooking 
and 6% in heating can be achieved. For lighting, only 1% of PM emission reduction is caused by 
switching simple wick lamps to hurricane lamps. 
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5.5.7 Regional Emission Reductions 
World regions differ in the types of fuels used, the availability of forests and electricity, and the 
prevalence of each land type. In this section, I discuss the effectiveness of each scenario in five 
major world regions. Figures 5.10 and 5.11 summarize PM and CO2 in the baseline scenario 
(upper panel). The “total” column (far right, Figure 5.10) corresponds to the data in Figure 5.9. 
Figures 5.10 and 5.11 also show emission reductions in four scenarios for PM (left, filled 
symbols) and CO2 (right, open symbols). A combination of high emissions and large reductions 
indicates a greater mitigation potential. The figures show the fuel-switching scenario and the 
current-cleanest stove scenario. They also include Tier II stove standards, which achieve 
significant reductions and the aspirational Tier IV stove standards. Tier I standards, which gave 
little reduction, and the intermediate Tier III standards are excluded to avoid clutter.  
Latin America: In Latin America, modern fuels are already widespread, especially in urban land 
types. The largest fuel consumption and remaining emissions are in forest access areas, where I 
assume that fuel switching has little effect. Fuel switching reduces PM emission by more than 
69% in NRNF with a switch from fuelwood to LPG.  
With clean stove scenarios, large CO2 and PM emission reductions occur in ERFA and NRFA. 
There is a greater reduction when fan-assisted improved stoves can be used (ERFA compared 
with NRFA). In this region, some land types (URB, ERNF, and NRNF) have higher reductions 
in the cleanest current stove scenario compared with Tier 4, because present-day stoves with 
advanced fuels are already meeting Tier 4 standards. In all cases, PM is reduced much more than 
CO2. If the assumptions used in these scenarios are correct, clean-stove interventions will do 
more to reduce emissions and energy consumption throughout Latin America than will fuel-
switching. 
Africa: In Africa, most energy consumption and emission occur in non-electrified rural areas 
(NRNF, NRFA). Fuelwood is a primary energy source, accounting for 75% of consumption in 
this region. Fuel switching greatly reduces CO2 and PM in areas without forest access; 
reductions are nearly 100% in URB and ERNF, and 57-76% in NRNF for CO2 and PM.  
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Figure 5.10 Top: Baseline emissions of PM and CO2 (a proxy for energy consumption) in 
Latin America, Africa, and the entire study region in each land type. Bottom: Reductions 
of PM (filled symbols) and CO2 (open symbols) for each region under four scenarios: fuel-
switching (Fuel), cleanest current stove (Stove), and Tier 2 and Tier 4 stove standards.  
 
Figure 5.11 Top: Baseline emissions of PM and CO2 (a proxy for energy consumption) in 
East Asia, South Asia, and Southeast Asia in each land type. Bottom: Reductions of PM 
(filled symbols) and CO2 (open symbols) for each region under four scenarios: fuel-
switching (Fuel), cleanest current stove (Stove), and Tier 2 and Tier 4 stove standards.  
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Fuelwood persists in areas with forest access, ERFA and NRFA. Clean-stove scenarios produce 
large reductions in PM (98% and 97%, respectively, for Tier 4) and also reduce energy 
consumption. Although most pollutants are reduced, NOx emission sometimes increases with 
combustion efficiency. In Africa, a mix of fuel-switching and clean stoves will be required to 
reduce emissions, depending on the land type.  
East Asia: East Asia has a high total energy consumption because of its population. Primary 
energy sources are fuelwood, agricultural waste, and coal. Heating end-use has a relatively 
higher share compared with other regions. The largest fuel consumption occurs in forest access 
areas, where Tier 4 scenarios have the greatest effect (87% and 92% in ERFA and NRFA, 
respectively). Clean fuels reduce PM emissions by 58% in ERNF, where coal and agricultural 
waste are switched to electricity. They have less effect than clean stoves in other areas, including 
NRNF, where the majority of the fuel is agricultural waste and no switching occurs. The cleanest 
current stove scenario also reduces PM emissions in NRNF by 46%while CO2 reduction ranges 
from 11-41% in all land types. Overall, clean stoves—especially Tier 4 stoves—provide the 
greatest emission reduction. Not considered in the clean-fuels scenario, however, is the use of 
coal briquettes that are prevalent throughout China. 
South Asia: Most PM emissions in South Asia come from biomass: fuelwood, agricultural 
waste, and dung. Unlike most other regions, fuel consumption and emissions are about evenly 
spread among the four rural land types. Clean fuels are effective where they can be distributed, 
reducing 97% of the PM emission in ERNF.  Fuel switching provides little or no reduction in the 
other land types because of persistent solid-fuel use. In forest-access land types, fuelwood 
consumption provides 98% of energy, and in NRNF, agricultural waste and dung use accounts 
for 76%. In the cleanest current stove scenario, PM emissions are reduced by 98%, 68%, and 
77% in ERFA, NRNF, and NRFA respectively; these improvements are much more than the 
decrease in CO2 emission, so that PM reductions can be attributed to both efficiency and 
emission improvements. Tier 4 stoves achieve 89-98% PM reductions in all rural land types.   
Southeast Asia: In Southeast Asia, the main energy sources are fuelwood and agricultural waste. 
Emissions and fuel consumption are higher in forest access areas, with 74% of the total 
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emissions in ERFA and NRFA. In forest access land types, fuelwood supplies more than 88% of 
total consumption. In ERNF and NRNF, agricultural waste is the major fuel. For this reason, 
clean stove scenarios make a greater difference in total emissions. For PM, 98% reductions are 
achieved in both ERFA and NRFA in the Tier 4 scenario. Fuel switching is most effective in 
NRNF where the reduction is around 41%. For CO2, the fuel-switching scenario produces a 
higher reduction than any stove scenario in URB and ERNF.   
Summary of Regional Emission Reductions 
Figure 5.12 summarizes current baseline emissions and emission reductions in each region.  
 
Figure 5.12 Top: Baseline emissions of PM and CO2 in Latin America, Africa, East Asia, 
South Asian, and Southeast Asia. Bottom: Reductions of PM (filled symbols) and CO2 
(open symbols) for each region under four scenarios: fuel-switching (Fuel), cleanest current 
stove (Stove), and Tier 2 and Tier 4 stove standards.  
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Because of the large number of people, and hence emissions, in forest access areas, assumptions 
lead to the finding that cleaner stoves are more likely to yield major reductions in particulate 
matter emissions than cleaner fuels. Tier 2 stove standards generally perform better than the 
cleanest current stoves; even this modest reduction would produce emission benefits. Tier 4 
stove standards yield the maximum benefit among all scenarios. These devices, however, are not 
yet proven with real users.   
Table 5.15 summarizes the changes in use of the main energy carriers under each scenario. In the 
fuel switching scenario, electricity consumption increases (28-112%) and fuelwood consumption 
decreases (0-44%) in all regions. In Africa and East Asia, LPG consumption increases to fulfill 
demand in non-electrified areas. However, the baseline LPG consumption is sufficient to provide 
energy to users in non-electrified land types in Latin America, South Asia, and Southeast Asia.  
Table 5.15 Changes in energy consumption of specific fuels in different scenarios. 
Region Changes in Energy Consumption from Baseline Scenario (%)
1
 
Cleanest Current 
Stove 
Fuel Switching 
LPG Fuelwood Electricity LPG Fuelwood 
Latin America -15 -52 +28 -38 -6 
Africa -15 -49 +79 +197 -44 
South Asia -15 -55 +112 -73 -24 
East Asia -12 -49 +41 +36 0 
Southeast Asia -15 -54 +47 -48 -11 
1 Positive change mean increase in energy consumption from baseline scenario 
In the current clean stove scenario, increases in stove efficiency decrease LPG and fuelwood 
consumption in all regions. East Asia has a lower energy reduction compared with other regions, 
because of the greater contribution of heating stoves in that region and the lower impact of 
efficiency improvements on heating uses. For Africa, lower energy reduction is from higher 
fraction of fuelwood is used in non-electrified than electrified land types where higher efficient 
fuelwood stoves (improved stove with fan) cannot be used.  
Although emission from electricity generation is not included in this study, increasing in 
electricity consumption account for less than 7% of PM, CO, and NMHC reduction in fuel 
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switching scenarios in all regions. However, increasing in electricity consumption increase CO2, 
CH4, and NOx emission more than reduction in emission in fuel switching scenario in some 
regions, but the increasing is smaller than the reduction on a global scale, except for NOx. The 
comparison between emission reduction and emission increasing from using more electricity in 
fuel switching scenario is presented in Table 5.16. 
Table 5.16 Emission reductions from fuel switching scenario and emission increases from 
switching to electricity. 
Region PM CO CO2 Nox CH4 NMHC 
Emission reduction (kt) from switching from biofuel to electricity 
Africa 1900 18000 320 1 2100 2400 
E Asia 860 15000 250 96 450 150 
L America 51 1100 39 14 68 170 
S Asia 700 6400 180 35 710 1100 
SE Asia 160 3000 65 13 220 320 
Emission increases (kt) from using more electricity
1 
Africa 5 93 220 160 220 4 
E Asia 12 200 470 350 470 9 
L America 4 60 140 100 140 3 
S Asia 10 170 390 290 390 8 
SE Asia 4 60 140 100 140 3 
1 Use emission factors as follow: PM = 0.04 g/kWh, CO2 = 710 g/kWh, CH4 = 1.7 g/kWh, NOx = 1.2 g/Kwh, CO = 0.36 g/kWh, 
NMHC = 0.032 g/kWh [Deru and Torcellini, 2007] 
National Emission Reductions 
The preceding discussion emphasized emission improvements in broad geographical areas. 
However, because of differences in current fuel availability and use, benefits vary among 
nations. Particulate matter emission reductions in each country are summarized in Figure 5.13 
for three scenarios: cleanest current stove, Tier 2 stove standard, and fuel switching. Also shown 
in the figure is the fraction of remaining PM emissions from the highest emitting fuels: coal, 
charcoal, fuelwood, agricultural waste, and dung. This division of emissions demonstrates that 
for all scenarios and regions, emissions from the residential sector are still largely driven by 
  
163 
solid-fuel combustion. The division also provides additional insight into the differences among 
regions.  
 
Figure 5.13 PM emission reductions in each country. Pie charts indicate fraction of 
emission from solid fuels in each region.  
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In the cleanest current stove scenario, regional variation among countries can be seen in Asia 
where most countries achieve more than 60% PM emission reduction, except countries in East 
Asia. High biomass consumption in this region is favorable to emission reduction by providing 
cleaner stoves. However, lower emission reduction in East Asia can be found because of high 
heating energy consumption and the lack of improved heating stoves in this scenario. In the Tier 
2 scenario, the effect of stove standards upon heating stoves becomes apparent in China.  
In the fuel switching scenario, high variation among country emission reductions is found in 
Africa. Low emission reduction (less than 20%) is found in countries whose baseline 
consumption of clean fuels like LPG is high. Countries with high consumption of both fuelwood 
and agricultural waste also have low reductions, since fuelwood fills needs in areas with forest 
access, and agricultural waste fills needs when forests are distant. The highest reduction, more 
than 80%, is found in countries where fuelwood is a dominant source and there is little to no 
consumption of other solid biomass.  
A combination of cleaner stoves and cleaner fuels is necessary to reduce emission in most 
countries. Pie charts in each of the scenarios demonstrate the fuels that have residual emissions 
after the scenario is implemented. Fuel switching provides large emission reduction from fuels 
that are not free, such as coal and charcoal, while cleaner stoves provide higher emission 
reduction when free fuels are used. 
5.5.8 Emission Reduction Comparison with Other Sources and Studies 
Emission from solid fuel combustion in household is one of the major causes of premature death 
in developing countries [Foell et al., 2011; Bonjour et al., 2013]. UNEP [2011] had estimated 
BC emission reduction in different regions based on an emission inventory in 2030. The most 
promissing emission reduction measure in their study for BC is to replace all biomass stoves 
with LPG stoves which leads to 0.8, 0.1, and 0.9 Mtonne BC reduction in Africa, Latin America, 
and Asia in 2030. This measure produced more BC reductions than elimination of high emitting 
vehicles and replacing traditional brick kilns with vertical shaft kilns. It is estimated that 0.2, 
0.02, and 1.0 million premature deaths could be avoided in Africa, Latin America, and Asia 
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annually by this fuel switching measure. In this study, the fuel switching scenario is the closest to 
the measure described in UNEP [2011]. BC emsission reductions in the fuel switching scenario 
are 0.3, 0.01, and 0.4 Mtonne in Africa, Latin America, and Asia in 2010. The lower emission 
reduction in the present study occurs for at least two reasons: first, base case in this study is  
2010 rather than 2030 , and second, the exclusion of forest access areas from the fuel-switching 
scenario. In another scenario, current cleanest stove, BC emission is reduced by 0.5, 0.1, and 1.1 
Mtonne in Africa, Latin America, and Asia in 2010, respectively.  
Emission from residential sector and emission reduction from regions included in this study for 
year 2010 is compared to estimation of anthropogenic and natural sources in 2005 from UNEP 
[2011] in Table 5.17.  PM emission estimated in this study accounts for 30% of anthropogenic 
emissions. The reductions in BC and OC are 36% and 13% of natural emission, respectively, but 
the magnitude of the residential PM reduction is only 0.2% of natural emission. However, the 
majority of the natural emissions are dust, which occurs in large sizes and is not as great a health 
hazard. CO emission reduction from the residential sector is potentially 26% of anthropogenic 
emissions and is about the same as emission from natural sources. 
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Table 5.17 Emission and emission reduction from residential sector in 2010 compared to other sources reported by UNEP 
[2011] by the year 2005. Note that only developing regions are included in this study while other sources included all regions. 
Source Emission in Mtonne/yr 
BC OC PM2.5
2
 NOx
3
 CH4 NMHC CO 
Man-
made 
Residential combustion (This study) 2.8 8.4 15.7 1.0 15.3 20.8 140 
Emission reduction (This study)
1
 0.8-1.8 2.2-6.4 4.0-11.3 0.1-0.3 3.5-8.3 4.1-10.6 34-77 
Residential-commercial combustion 2.7 9.6 17.8 5.0 8.8 37.9 195 
Large-scale combustion 0.1 0.2 8.1 34.1 0.4 1.2 30 
Industrial process 0.4 0.7 4.5 2.4 0 8.0 74 
Transport 1.6 1.4 3.4 71.5 2.3 38.5 266 
Fossil-fuel extraction and 
distribution 
0.3 0.1 0.5 1.4 101.0 36.4 2 
Solvents - - - - - 23 - 
Waste/landfill 0.1 0.8 1.3 0.1 50 1.1 6 
Agriculture
4
 0.3 1.2 3.4 0.3 126 4.0 26 
Natural Natural
5
 3-3.7 33-38 6000 54-60 210 470-549 46-63 
1 Emission reduction from all scenarios included in this study 
2 Calculated as PM in this study 
3 Reported as NO2 in UNEP [2011] study 
4 Includes the burning of agricultural residues 
5 Includes dust and the open burning of all biomass other than agriculture residue
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5.5.9 Information Needs 
This study provides a framework for estimating and spatially distributing residential emissions, 
and is a critical first step in improving realism in this important emission sector. This structure is 
to estimate emission reduction by targeted mitigation actions and will also be important in 
understanding the evolution of future emissions. I acknowledge that information is lacking on 
major factors affecting residential energy use, leading to uncertainties which I discuss below. I 
also acknowledge that some of the changes I predict, such as the shift of emissions from non-
FAA to FAA, are caused by assumptions in the method. However, I argue that mitigation 
estimates and emission projections that consider these constraints are more realistic than those 
that ignore them. Below, I discuss additional information that could be applied to this framework 
to reduce uncertainties in emissions and energy consumption. 
Representativeness of IEA data: In this study, I assume that IEA [2012a, b] data represents total 
residential fuel consumption. However, official methods of estimating biomass consumption data 
are not transparent and may differ between countries. Biomass consumption is not measured 
each year; the estimates may be based on survey data, then scaled by population to create a time 
trend. For countries where official estimates involve assumptions about urban and rural behavior, 
it is possible that this distribution method entails some circular or inconsistent logic. A more 
ideal data set would identify the assumptions used to generate fuel consumption estimates. 
Information on the type of biomass (fuelwood, agricultural waste, and dung) would also be 
valuable.  
Regionally-specific per-capita end use. Common practice varies among countries and regions 
depending on factors such as traditions and housing stock. Although I accounted for regional 
differences in cooking, other end-uses may also differ between regions. Relationships between 
heating energy consumption and temperature were developed based on OECD countries and 
China, although this data set does capture the behavior in the region with greatest heating energy 
consumption. Per-capita lighting energy consumption by electricity differs by a factor of 9 
among 12 OECD countries [IEA, 2004] and the same may be true in other countries. Electricity 
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energy consumption for lighting was estimated from data in Asia assuming other regions require 
same energy consumption per capita for lighting.  
Other end-use: I assumed that per-capita useful energy consumption in the miscellaneous 
category is the same in all land types within each country. However, it is highly possible that this 
usage varies with income or circumstances. People in electrified areas may use more appliance 
energy [Tuan and Lefevre, 1996; Sheinbaum et al., 1996] while people in non-electrified land 
types may have other energy needs such as cooking animal food [Tuan and Lefevre, 1996; 
Xiaohua et al., 2002]. The ability to apportion this other energy would alter the distribution of 
energy consumption distribution and emissions. Although estimation models such as those of 
Daioglou et al. [2012] provide the separation of energy in Other end-use, these models are based 
on very limited data. Moreover, household activities in developing countries may include 
activities such as cooking food and heating for animals that are not represented in the data used 
to calibrate the model. 
Distribution of fuels. I used electrification to represent accessibility of distribution, and 
distributed more efficient fuels into these land types. Additional information on distribution, such 
as road networks or distribution of consumer goods, could provide additional information to 
evaluate and update this assumption. 
Success of improved stove programs. For the study year of 2010, I assume that all current stoves 
are traditional. However, many improved stove programs are in place, for example in China 
[Smith et al., 1993; Kumar et al., 2013; Urmee and Gyamfi, 2014], India [Venkataraman et al., 
2010; Kumar et al., 2013; Urmee and Gyamfi, 2014], Zimbabwe [Urmee and Gyamfi, 2014], and 
Haiti [Urmee and Gyamfi, 2014]. When market penetration becomes substantial, emission and 
efficiency of replacement cookstoves should be included in the emission calculation. 
Measurements of sustained adoption beyond the program lifetime, and evaluation of in-use 
emission and efficiency of these improved stoves are required.    
Emission factors and stove efficiencies. I used average stove efficiency and emission factors for 
each stove and fuel, without regional differences. However, reported emission factors may vary 
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by factors of three or more, and stove performance is not understood well enough to determine 
whether this range reflects natural variability or whether it may be attributed to common causes. 
Future emission measurement studies should attempt to identify major causes of variability. 
5.6 Conclusion 
In this study, I proposed a method to distribute national-level residential fuel consumption 
among five land types and four major end-uses. These five land types represent different 
characteristics that affect fuel and energy distribution. The method yields spatially-distributed 
emissions of PM, BC, OC, NOx, NMHC, CH4, CO, and CO2. This method estimates that fuels 
used in non-electrified land types are the major sources of pollution, especially for products of 
incomplete combustion. By comparison with previous distribution methods, this method shifts 
emissions to land types without electrification.  
Three emission reduction scenarios were studied – cleanest current stove, stove standard, and 
fuel switching. In the cleanest current stove scenario, I altered the stoves in the baseline scenario 
to the cleanest existing stoves that are compatible with each land type. In the stove standard 
scenario, I estimated emission reduction assuming heating stoves (in China) and cooking stoves 
meet standards. In the fuel switching scenario, I assumed that users adopt the cleanest plausible 
fuels governed by land type. 
In forest access areas (ERFA and NRFA), stove scenarios reduce energy consumption and 
emissions more than fuel switching scenario since fuelwood is free and its use is persistent. On 
the other hand, when fuelwood is not free (URB and ERNF), the fuel switching scenario reduces 
energy consumption and emissions more than clean-stove scenarios. In NRNF, with the most 
diverse assumed fuel mix, the change in energy consumption varies among scenarios, but 
reduced. In all regions included in this study, large populations live in forest access areas, with 
the result that clean stove scenarios yield larger emission reduction than fuel switching scenarios. 
However, a combination of cleaner stove and fuel switching scenarios is required to achieve 
maximum reduction across all land types. Variations among nations are found within the same 
region, depending on the fuel mix. The greatest heterogeneity is in Africa, where the fuel 
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switching scenario gives emission reductions from less than 1% to more than 80%. These 
dissimilarities point to the need to consider national and sub-national circumstances when 
estimating causes of and reduction measures for emissions and energy consumption in the 
residential sector. 
The spatial distribution of residential emission and emission reduction should be valuable to the 
following sectors: 
- Climate modelers. The spatial distribution of emission developed in this study is a step 
forward compared with the existing residential emission inventory where the spatial 
distribution is based on population distribution and/or urban/rural classification. The spatial 
distribution of residential emission in 0.04ºx0.04º gridded cells which can be used as an input 
to climate models. Emissions from the residential sector will be available online at 
www.hiwater.org.    
- Emission inventory developers. The land type map provides information on the availability 
of fuels in the area. Current emission inventories which are based on national emission 
development or urban/rural approach can use population information in different land types 
(Table 5.13) to estimate number of people having access to fuelwood, electricity, and the 
cleanest stove that can be used in the area. For example, future emission estimation which is 
currently based on the assumption that people will switch to cleaner fuels can now use the 
information in Table 5.13 and exclude number of people that live in forest area where they 
are possible to continue using free fuels available in the area.  
- Policy makers. Emission reduction from different emission scenarios in different land types 
in each region are provided in Section 5.5.7. This can provide information to policy makers 
on what maximum emission reduction should be expected from the area and what options 
(cleaner stoves or fuels) are more effective in different land types in each region.   
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CHAPTER 6 
SUMMARY AND RECOMMENDATIONS 
In this chapter, I summarize major findings in this dissertation in Section 6.1 and discuss 
recommendations for future studies in Section 6.2. 
6.1 Summary of Current Findings 
6.1.1 Development of Emission Factors for On-road Vehicles and Nonroad Engines 
This work provided new sets of emission factors which can be used in global emission inventory 
development of on-road vehicles and nonroad engines. I provided emission factors that relate to 
engine technologies, emission standards, and engine ages. 
My main contributions in developing emission factors of on-road vehicles and nonroad engines 
are developing PM, BC, OC, CO, NOx, and HC emission factors (only PM for on-road vehicles) 
of new engines relating to the United States and European emission standards which are used as 
reference standards for different countries, allowing inventory developers to estimate emissions 
based on a synthesis of measured data, rather than assumptions that vehicles always emit 
according to the standard. This work includes estimating emission degradation rates of aged 
engines which are separated into three phases: new engine/durability, degradation, and stabilized. 
I also estimated emission factors for superemitters. 
6.1.2 Modeling of Current and Future Global Emission from Land-based Nonroad Engines 
The dynamic model, SPEW-Trend, which was previously used for developing an emission 
inventory of on-road vehicles [Yan et. al., 2011], was modified to estimate nonroad engine 
emission. This model keeps track of technology stocks and provides information of fleet 
information such as population of engines with different technologies, engine ages. I used a 
literature review and relationship among related parameters to estimate implementation of 
emission standards, retirement rate, superemitter transition rate, and yearly fuel consumption 
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which are important parameters in SPEW-Trend model. I used four future fuel projections, GDP, 
and crop area in future IPCC scenarios (A1B, A2, B1, and B2) developed for the SRES 
[Nakicenovic et al., 2000, IPCC, 2001, RIVM, 2001] to drive the SPEW-Trend model. This 
model was, then, used to develop global and regional PM, BC, OC, NOx, CO, CO2, and HC 
emission inventory of nonroad engines for the period of 2010 to 2050. This is the first time that a 
dynamic population model was used to estimate emission of nonroad engines in the regional and 
global scale. I also performed a sensitivity analysis of some parameters in SPEW-Trend.  
The main findings from the emission inventory of land-based nonroad engines are: 
- I provided a method to disaggregate fuel consumption of nonroad engines used in 
agricultural sector; where fuel consumption in this sector is subsumed into other sectors in 
most future projections. 
- Among three sectors, agriculture has the largest fuel consumption and emission source in 
2010 while construction and mining become the largest emission source in 2050 because the 
emission reduction of engine size mainly used in this sector is lower than other sectors. 
- Cleaner engines built to higher standards play a greater role as time goes on. In 2050, most of 
the fuels are used in the cleanest engines available in all regions, except in Africa where 
standards progress much slower than other regions. For this reason, averaged annual 
emissions are reduced during the projection period in most regions, except South Asia and 
Africa where averaged annual fuel consumption increase and the introduction of emission 
standards is slow. 
- In 2050, the fraction of emissions from superemitters is large in all regions, except for NOx 
in Africa, and PM and BC in South Asia, East Asia, and Former USSR. Gasoline engines are 
the largest emitters of all pollutants, except NOx, in 2050.  
- Global emission inventories are highly sensitive to emission factors and retirement rates. 
Altering the fraction of two and four stroke gasoline engine in the total population, and 
changing the year in which standards are implemented, also significantly affect emission. 
However, altering parameters used in predicting future agriculture fuel consumption, fraction 
of fuel consumption used in boiler in diesel consumption data in IEA, and superemitter 
development rates do not affect global emission much.  
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My main contributions were developing relationships that allow macroeconomic models to link 
with a fleet model of nonroad engines to estimate emission under multiple economic scenarios, 
allowing the incorporation of incoming new technologies, retiring in-use engines, and engine 
ages in these emission estimations. This ability is an important improvement over previous 
approaches which used simple calculation of averaged emission factors and fuel consumption. 
These previous approaches did not consider transitions in the vehicle fleet or the response to 
different technologies. 
6.1.3 Emission from Residential Combustion Considering Spatial Constraints 
A method to distribute national-level residential fuel consumption among five land types and 
four major end-uses was developed for Asia, Africa, and Latin America, where high biomass 
levels are used in the residential sector. Each country was divided into five land types using GIS 
data to capture characteristics that affect fuel and energy use. Spatially-distributed emissions of 
PM, BC, OC, NOx, NMHC, CH4, CO, and CO2 were developed. Energy consumption data in 
2010 were also separated into energy used in cooking, heating, lighting, and other end-uses. 
Emission reductions from three mitigation scenarios were studied – cleanest current stove, stove 
standard, and fuel switching.  
The main findings of emission from residential combustion considering spatial constraints are: 
- The largest energy consumption in each region is used for cooking while heating energy 
consumption is significant only in East Asia due to the cold climate. Lighting consumes a 
small fraction of energy for all regions.  
- For the baseline scenario, per-capita PM emission in urban and electrified rural areas are 
lowest because of high-efficiency fuels. Rural area with access to both electricity and forest 
is assumed to have high fuelwood, but other high quality fuels such as natural gas makes per-
capita emission lower than those in non-electrified rural area with access to forest. Per-capita 
PM emission in non-electrified rural areas without forest access is highest because lowest 
efficiency fuels are assumed to be used in this land type.  
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- The spatial distribution developed here lowers emissions in electrified land types and 
increases emission in non-electrified land types, compared with emissions distributed only by 
considering urban and rural divisions.  
- The cleanest current stove scenario assumes that the cleanest plausible stoves in each land 
type and fuel would be used for all end-uses. This scenario reduces emissions in forest access 
area, especially those with access to electricity where improved stoves with a fan can be 
used. This scenario gives an overall PM reduction of 72%.  
- The stove standard scenario assumes use of stoves meeting performance standards for 
cooking, water heating, and heating end-uses. The stove standard preferentially affects areas 
with forest access, similar to the cleanest current stove scenario. Tier 2 stove standards 
usually perform better than the cleanest current stoves and reduce PM emissions by 81% 
overall. Tier 4 stove standards yield the maximum benefit among all scenarios (94%), but 
these devices are not yet proven with real users.   
- The fuel switching scenario assumes that people in electrified land types would switch to 
electricity while people in non-electrified land types would switch to LPG. However, people 
who use free fuels, i.e. fuelwood in forest access area, agricultural waste, and dung will not 
switch to cleaner fuels; thus, the fuel switching scenario has the greatest effect in areas 
without forest access. However, the overall reduction of this scenario (25%) is much smaller 
than other two scenarios. 
- My assumption, that users with access to free fuels would not switch to cleaner fuels, lead to 
the finding that cleaner stoves are likely to yield more emission reduction than cleaner fuels 
in the study area. 
My main contributions to this body of knowledge are synthesizing data sets and literature to 
provide a spatial distribution of residential fuel, population, and end-use that goes beyond urban 
and rural divisions. This data set leads to spatially distributed residential emission, as well as a 
more realistic consideration of feasibility of policy mechanisms designed to reduce emissions. 
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6.2 Recommendations for Future Studies 
6.2.1 Modeling of Current and Future Global Emission from Land-based Nonroad Engines 
- Collect engine population and usage information 
Nonroad engine population and engine size affects emission, and better representation of these 
factors would reduce the uncertainties in emission estimation. However, engine population data 
is not available in many countries. The population data used in this study is from the United 
States in 2000 which is used in NONROAD model [USEPA, 2011] and sales data in Australia 
[ENVIRON, 2010]. Since engines are sold worldwide, engine sale data in each region from large 
nonroad engine manufacturers could provide information to further refine these estimates.  
Engine life and usage information are also important parameters in the model. Information in the 
current model was summarized from usage data in the United States and Europe and, for other 
regions, lifetime was adjusted by observed relationships with income for on-road vehicles. This 
practice may not represent other regions well. Engine life and usage may be obtained from sale 
data of engines if the overall fuel consumption is known. Another approach is to do a survey of 
engine usage and fleet turnover of fleet owners in different regions.  
- Develop relationships for predicting emission factors of nonroad engines 
There is very limited information on emission factors of nonroad engines. In this study, I used 
emission factors of no and early standard engines from testing data summarized in EEA [2009] 
and USEPA [2010]. Emission factors of superemitters are based on emission data of on-road 
vehicles. Thus, not many actual emission measurements are currently used in developing 
emission factors. 
Since emission testing data of on-road vehicles is much more available, relationship of emission 
between on-road vehicles and nonroad engines that use the same technology could be explored to 
predict nonroad emission factors. 
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- Include recent socioeconomic scenarios 
Four future scenarios (A1B, A2, B1, and B2), used in this study to describe the future emissions, 
have been used to make projections of possible future climate change. These scenarios were 
developed for SRES [IPCC, 2001] in the Third Assessment Report, published in 2001. Observed 
data in the model ends at year 1990. The Fifth IPCC Assessment Report developed a new set of 
scenarios called Reference Concentration Pathway (RCPs). However, these RCPs are not fully 
integrated scenarios, i.e., they are not a complete package of socioeconomic, emissions, and 
climate projections, rather project radiative forcing, not detailed socioeconomic scenarios [World 
Metrological Organization, 2014]. Thus, socioeconomic parameters which are used to drive 
SPEW-Trend may not be available. New scenarios known as the Shared Socioeconomic 
Pathways are being prepared and a comparison with the existing scenarios should be conducted. 
- Include renewable fuel in the model 
Renewable fuels such as ethanol, biodiesel are becoming more important alternative sources of 
energy because of concern of available fossil fuels and the environment [Jaichandar and 
Annamalai, 2011]. In this study, I focus on diesel and gasoline fuels used in nonroad engines, as 
these were outputs from macroeconomic model, published in 2001 [IPCC, 2001].  
To include alternative fuels in SPEW-Trend, total biofuel production and the fraction of fuel 
consumption that will be taken up by agriculture and industry should be projected by the 
macroeconomic model, because fuel production and choice are governed by economy-wide 
driving factors. Emission factors and degradation rates of engines using these alternative fuels 
are also required in the model. The emission factors are needed to be adjusted as per emission 
changes by using alternative fuels. USEPA [2002] reported that using B100 (biofuel 100%) in 
on-road vehicles would decrease HC, CO, and PM emissions by 67%, 48%, and 47%, 
respectively, while increase NOx emissions by 10%. Jacobson [2007] estimated that using E85 
(Ethanol 85%) would increase HC and CO emission by 22% and 5%, respectively, and decrease 
NOx by 30% of emission from conventional gasoline vehicles.    
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- Develop spatial distribution of nonroad engines 
Spatial distribution of emission is an important input to a global climate model. Currently, 
nonroad emissions are distributed by population [EDGAR, 2014] which is not appropriate. 
To spatially distribution global nonroad emissions, emissions of each nonroad category need to 
be considered separately. First, emissions of industrial engines should be distributed to industrial 
area. Second, CM emission should be distributed to urban and mining area assuming that 
construction happens mostly in urban area. Finally, agricultural emission should be distributed in 
agricultural area. The urban and agricultural area maps are currently available in the regional 
scale while industrial area and mining area maps may only be available in some regions. 
Emission per area can be used to distribute each nonroad emission into different maps. However, 
if number of nonroad engines used can be estimated or available in the map (if registration data 
is available and can link engine owners with industrial or farm location), emission per engine can 
be used. 
6.2.2 Emission from Residential Combustion Considering Spatial Constraints 
- Disaggregate “Other” end-use 
Energy related activities other than cooking, heating, and lighting end-uses in households are 
grouped in the “Other” end-use in this study since there is not enough information to separate 
them into different activities. However, this end-use consumes a large amount of energy (up to 
46% of total energy consumption in East Asia). These activities may include water heating, air 
conditioning, preparing animal foods, etc. which are very specific to location, climate and local 
behavior [Sathaye and Tyler, 1991; Daioglou et al., 2012]. Some studies estimated energy use 
for these activities separately by creating a relationship between household parameters and 
energy consumption [Swan and Ugursal, 2009; Daioglou et al., 2012]. However, these 
relationships are developed based mostly on data from developed countries because of data 
availability.  
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It is important to separate different activities in Other end-use since the analysis of mitigation 
opportunities and reductions would be more accurate. Thus, it would be valuable to develop 
methods to estimate energy consumption for each activity in Other end-use that are applicable 
throughout developing countries. Activities may be related to cultural preference or related to 
both climate and local preference (such as preparing animal food). 
- Develop spatial distribution of agricultural waste and dung consumption 
In this study, I use GIS maps to distribute electricity and fuelwood consumption (as related to 
forest access area). However, the other two fuels used in developing countries, agricultural waste 
and dung, are distributed based on only fuel efficiency and land types. It is possible to distribute 
agricultural waste to cropland where this fuel is available. The current land cover map developed 
by European Commission [2003] can be used. Dung may be more complicated since the spatial 
distribution of animals is not readily available.  
In areas where more than one type of land overlaps, methods to allocate different types of fuels 
need to be developed. For example, fuel consumption of agricultural waste and fuelwood need to 
be divided in crop areas within forest access area because users have access to two free fuel 
types.  
- Include more emission reduction scenarios 
In this study, three emission reduction scenarios are selected based on current clean fuel and 
stove programs available around the world [Bazilian et al., 2011; Lewis and Pattanayak, 2012]. 
However, local preferences which are also important in selection of fuels and stoves used in each 
land types should be considered. Although I found that fuel switching is more efficient in 
reducing emission in non-forest access land types in this study, local preferences, such as 
fuelwood preferences in cooking certain food, can reduce the number of household that would 
switch to cleaner fuels. Moreover, the combination of stove improvements and cleaner fuel 
programs could be investigated. Emission reduction of new technologies such as solar stoves 
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should be added to the scenarios as information about performance and acceptability become 
available.  
- Develop relationships to disaggregate biomass data 
IEA energy data reported biomass consumption in each country without disaggregating into 
fuelwood, agricultural waste, and dung. In this study, I used fraction in year 2000 of 
consumption of these three fuels from another study to divide total biomass consumption given 
by IEA. Since each biomass fuel has a large impact on emission and emission reduction of 
different emission scenarios, information about these three fuels used in each countries needs to 
be improved. The most likely sources to provide biomass information are surveys of energy 
consumption in households which are available in some developing countries (Tonooka et al. 
[2006], Pachauri and Jiang [2008]).  
- Connect socioeconomic factors to fuel use prediction 
Ekholm et al. [2010] extracted data from National Sample Survey Organization of India where 
people in the household answered questions about household expenditure and fuel type usage, 
and household energy consumption. In their study, different groups of household expenditure in 
urban and rural are examined along with energy consumption and fuel choice. This relationship 
is very location-specific and cannot be transferred to other countries. The relationship is created 
in urban and rural area separately since there is no further information on availability of fuel in 
the area as described here. To link socioeconomic parameters to this study, I would focus on five 
land types separately. For each land type, expenditure and energy consumption and fuel selection 
need to be summarized. Different expenditure groups should be created with corresponded 
energy consumption and fuel type usage data within each land type. This relationship is, thus, 
very specific to location. Survey data, that contain expenditure (or income), household energy 
consumption by fuel type, and types of fuelwood used in household as minimum requirement, 
are needed for each area. 
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APPENDIX A 
REGIONAL DIVISION 
This appendix includes information about the countries that includes in the 17 regions used for 
estimating emission of nonroad engines. 
A.1 Countries in Regional Division 
Region 1: Canada - Canada. 
Region 2: USA 
Saint Pierre and Miquelon, United States, and United States Minor Outlying Islands, 
Region 3: Central America 
Anguilla, Antigua and Barbuda, Aruba, Bahamas, Barbados, Belize, Bermuda, Cayman Islands, 
Costa Rica, Cuba, Dominican, Dominican Republic, El Salvador, Grenada, Guadeloupe, 
Guatemala, Haiti, Honduras, Jamaica, Martinique, Mexico, Montserrat, Netherlands Antilles, 
Nicaragua, Panama, Puerto Rico, Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the 
Grenadines, Trinidad and Tobago, Turks and Caicos Islands, Virgin Islands (British), Virgin 
Islands (U.S.). 
Region 4: South America 
Argentina, Bolivia, Bouvet Island, Brazil, Chile, Colombia, Ecuador, Falklands Islands 
(Malvinas), French Guiana, Guyana, Paraguay, Peru, South Georgia and the South Sandwich 
Islands, Suriname, Uruguay, Venezuela. 
Region 5: Northern Africa 
Algeria, Egypt, Libyan Arab Jamahiriya, Morocco, Tunisia, Western Sahara. 
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Region 6: Western Africa 
Benin, Burkina Faso, Cameroon, Cape Verde, Central African Republic, Chad, Congo, the 
Democratic Republic of the Congo, Cote D’ivoire, Equatorial Guinea, Gabon, Gambia, Ghana, 
Guinea, Guinea-Bissau, Liberia, Mali, Mauritania, Niger, Nigeria, Saint Helena, Sao Tome and 
Principe, Senegal, Sierra Leone, Togo. 
Region 7: Eastern Africa 
Burundi, Comoros, Djibouti, Eritrea, Ethiopia, Kenya, Madagascar, Mauritius, Mayotte, 
R’union, Rwanda, Seychelles, Somalia, Sudan, Uganda. 
Region 8: Southern Africa 
Angola, Botswana, Lesotho, Malawi, Mozambique, Namibia, South Africa, Swaziland, United 
Republic of Tanzania, Zambia, Zimbabwe. 
Region 9: OECD Europe 
Andorra, Austria, Belgium, Denmark, Faroe Islands, Finland, France, Germany, Gibraltar, 
Greece, Holy See (Vatican City State), Iceland, Ireland, Italy, Liechtenstein, Luxembourg, 
Malta, Monaco, Netherlands, Norway, Portugal, San Marino, Spain, Svalbard and Jan Mayen, 
Sweden, Switzerland, United Kingdom. 
Region 10: Eastern Europe 
Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Hungary, the Former 
Yugoslav Republic of Macedonia, Poland, Romania, Slovakia, Slovenia, Yugoslavia. 
Region 11: Former USSR 
Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakstan, Kyrgyzstan, Latvia, Lithuania, 
Republic of Moldova, Russian Federation, Tajikistan, Turkmenistan, Ukraine, Uzbekistan. 
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Region 12: Middle East 
Bahrain, Cyprus, Islamic Republic of Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Oman, Qatar, 
Saudi Arabia, Syrian Arab Republic, Turkey, United Arab Emirates, Yemen. 
Region 13: South Asia 
Afghanistan, Bangladesh, Bhutan, British India Ocean Territory, India, Maldives, Nepal, 
Pakistan, Sri Lanka. 
Region 14: East Asia 
China, Hong Kong, Democratic People’s Republic of Korea, Republic of Korea, Macau, 
Mongolia, Taiwan (Province of China). 
Region 15: South East Asia 
Brunei Darussalam, Cambodia, East Timor, Indonesia, Lao People’s Democratic Republic, 
Malaysia, Myanmar, Philippines, Singapore, Thailand, Viet Nam. 
Region 16: Oceania  
Ameriucan Samoa, Australia, Christmas Island, Cocos (Keeling) Islands, Cook Islands, Fiji, 
French Polynesia, French Southern Territories, Guam, Heard Island and Mcdonald Islands, 
Kiribati, Marshall Islands, Federated States of Micronesia, Nauru, New Caladonia, New Zealand, 
Niue, Norfolk Island, Northern Mariana Islands, Palau, Papua New Guinea, Pitcairn, Samoa, 
Solomon Islands, Tokelau, Tonga, Tuvalu, Vanuatu, Wallis and Futuna. 
Region 17: Japan - Japan. 
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APPENDIX B 
EMISSION FACTOR DEVELOPMENT FOR NON-REGULATED 
EMISSION  
This appendix includes information about the emission factor estimation for non-regulated 
emission (BC, OC, and CO2) in emission standards for nonroad engines.  
B.1 Estimation of Black Carbon and Organic Carbon Emission Factors 
BC and OC emission factors for nonroad engines are estimated based on the fraction of BC and 
OC to PM2.5 emission of on-road vehicles. For diesel engines, BC and OC fractions of small- 
and medium-size nonroad engines are assumed to be similar to those of light duty diesel vehicles 
while fractions of large-size nonroad engines are assumed to be the same as those of heavy duty 
diesel vehicles. For gasoline engines, the ratios from gasoline vehicles are used for both two and 
four stroke nonroad engines.  
The BC and OC fractions of different vehicle technologies are calculated by averaging BC and 
OC fractions from different studies. In this study, I selected only tests which total carbon 
emission is equal or less than PM emission (BC+OC ≤ PM). The BC and OC fractions of 
different on-road vehicle technologies are summarized in Table A.1. 
In order to estimate BC and OC fraction of nonrad engines, exhaust PM emission factors of new 
nonroad engines are compared to that of on-road vehicles assuming that engine with the same 
level of exhaust PM emission will have the same BC and OC fraction. In this study, I used 0.92 
for the fraction of PM2.5 to total PM as suggested in USEPA, 2010. Table A.2 summarizes BC 
and OC emission factors of nonroad engines. Another assumption used in this study is that BC 
and OC fraction is constant for the whole engine lifetime (assuming that BC and OC will 
increase with the same rate as PM increasing with usage). 
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Table B.1 BC and OC fractions of PM2.5 for different on-road vehicle emission standards. 
Vehicle 
Standards 
BC/PM2.5 OC/PM2.5 Sources 
Light-duty diesel vehicles 
No standard 0.47 0.18 Norbeck et al. [1998]; Subramanian et al. [2009] 
Opacity 0.47 0.18 Norbeck et al. [1998]; Subramanian et al. [2009] 
Euro I 0.70 0.28 EEA [2010] 
Euro II 0.80 0.18 EEA [2010] 
Euro III 0.72 0.24 Geller et al. [2005]
1
; Particulate [2004] 
Euro IV 0.68 0.17 Vouitsis et al. [2007]
1
; Bosteels et al. [2006]
1 
Euro V
2 
0.24 0.19 Vouitsis et al. [2007]
1
; Bosteels et al. [2006]
1
 
Euro VI
2 
0.24 0.19 Vouitsis et al. [2007]
1
; Bosteels et al. [2006]
1
 
Heavy-duty diesel vehicles 
No standard 0.50 0.40 EEA [2010] 
Opacity 0.50 0.40 EEA [2010] 
Euro I 0.65 0.26 EEA [2010] 
Euro II 0.65 0.26 EEA [2010] 
Euro III 0.61 0.34 Particulate [2004];EEA [2010] 
Euro IV 0.83 0.16 Warmer et al. [2003]
1 
Euro V 0.83 0.16 Warmer et al. [2003]
1 
Euro VI
2 
0.07 0.92 Particulate [2004] 
Gasoline vehicles 
No and early 
standards
3 
0.23 0.77 Norbeck et al. [1998]; National Renewable 
Energy Laboratory [2005] 
1 Emission results from Society of Automotive Engineers papers are summarized in Ntziachristos et al. [2007] 
2 Assuming that Continuously Regenerating Technology or Diesel Particulate Filter installed 
3 Testing of 52 gasoline vehicles, model year of 1970-1990 
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Table B.2 BC and OC emission factors for different nonroad engine emission standards.  
Engine 
Size 
US 
Emission 
level 
PM emission 
comparable to onroad 
[Yan et al., 2011] 
Emission Factors (g/kg-fuel) EU 
Emission 
level 
PM emission 
comparable to onroad 
[Yan et al., 2011] 
Emission Factors (g/kg-fuel) 
PM PM2.5 OC BC PM PM2.5 OC BC 
Small 
Engine 
Tier 0 LDDV - No regulation 7.30 6.72 1.21 3.16 Stage 0 LDDV - No regulation 7.30 6.72 1.21 3.16 
Tier 1 LDDV - No regulation 2.25 2.07 0.37 0.97 Stage 1 LDDV - No regulation 2.25 2.07 0.37 0.97 
Tier 2 LDDV - No regulation 2.00 1.84 0.33 0.86 Stage 2 LDDV - No regulation 2.25 2.07 0.37 0.97 
Tier 3 LDDV - No regulation 2.00 1.84 0.33 0.86 Stage 3A LDDV - No regulation 2.25 2.07 0.37 0.97 
Tier 4a LDDV - Euro II 0.79 0.72 0.13 0.58 Stage 3B LDDV - Opacity 1.77 1.63 0.29 0.76 
Tier 4b LDDV - Euro II 0.79 0.72 0.13 0.58 Stage 4 LDDV - Opacity 1.77 1.63 0.29 0.76 
Super 1   9.89 9.10 1.64 4.28 Super 1   9.89 9.10 1.64 4.28 
Super 2   3.60 3.31 0.60 1.56 Super 2   3.60 3.31 0.60 1.56 
Medium 
Engine 
Tier 0 LDDV - No regulation 5.22 4.80 0.86 2.26 Stage 0 LDDV - No regulation 5.22 4.80 0.86 2.26 
Tier 1 LDDV - No regulation 2.76 2.54 0.46 1.19 Stage 1 LDDV - No regulation 2.76 2.54 0.46 1.19 
Tier 2 LDDV - Opacity 1.49 1.37 0.25 0.65 Stage 2 LDDV - Opacity 1.78 1.64 0.29 0.77 
Tier 3 LDDV - Opacity 1.49 1.37 0.25 0.65 Stage 3A LDDV - Opacity 1.54 1.42 0.26 0.67 
Tier 4a LDDV - Euro III 0.56 0.51 0.12 0.37 Stage 3B LDDV - Euro V, VI 0.07 0.06 0.01 0.02 
Tier 4b LDDV - Euro V, VI 0.07 0.07 0.01 0.02 Stage 4 LDDV - Euro V, VI 0.07 0.06 0.01 0.02 
Super 1   12.13 11.16 2.01 5.25 Super 1   12.13 11.16 2.01 5.25 
Super 2   4.41 4.06 0.73 1.91 Super 2   4.41 4.06 0.73 1.91 
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Table B.2 (cont.)  
Engine 
Size 
US 
Emission 
level 
PM emission 
comparable to onroad 
[Yan et al., 2011] 
Emission Factors (g/kg-fuel) EU 
Emission 
level 
PM emission 
comparable to onroad 
[Yan et al., 2011] 
Emission Factors (g/kg-fuel) 
PM PM2.5 OC BC PM PM2.5 OC BC 
Large 
Engine 
Tier 0 
HDDV - No 
regulation 
3.71 3.41 1.37 1.71 Stage 0 
HDDV - No 
regulation 
3.71 3.41 1.37 1.71 
Tier 1 HDDV - Euro I 1.71 1.58 0.41 0.98 Stage 1 HDDV - Euro I 1.71 1.58 0.41 0.98 
Tier 2 HDDV - Euro II 0.64 0.58 0.15 0.36 Stage 2 HDDV - Euro II 0.64 0.58 0.15 0.36 
Tier 3 HDDV - Euro III 0.64 0.58 0.20 0.36 Stage 3A HDDV - Euro III 0.64 0.58 0.20 0.36 
Tier 4a HDDV - Euro V, VI 0.05 0.05 0.04 0.003 Stage 3B HDDV - Euro V, VI 0.06 0.06 0.05 0.004 
Tier 4b HDDV - Euro V, VI 0.05 0.05 0.04 0.003 Stage 4 HDDV - Euro V, VI 0.06 0.06 0.05 0.004 
Super 1   7.55 6.94 1.80 4.30 Super 1   7.55 6.94 1.80 4.30 
Super 2   2.74 2.52 0.66 1.57 Super 2   2.74 2.52 0.66 1.57 
2-
stroke 
Engine 
Phase0 
Phase1 
Phase 2 
No and early 
standards (assume) 
14.4 
12.3 
8.6 
13.2 
11.3 
7.9 
10.2 
8.8 
6.1 
3.0 
2.6 
1.8 - - - - - - 
Super 126.9 116.7 89.9 26.9 
Low 
power 
4-
stroke 
engine 
Phase0 
Phase1 
Phase2 
Phase3 
No and early 
standards (assume) 
0.13 
0.07 
0.07 
0.05 
0.12 
0.07 
0.07 
0.05 
0.09 
0.05 
0.05 
0.04 
0.03 
0.02 
0.02 
0.01 
- - - - - - 
Super 1.0 0.92 0.69 0.21 
High 
power 
4-
stroke 
Phase0 
Phase1 
Phase2 
No and early 
standards (assume) 
0.22 
0.04 
0.03 
0.20 
0.04 
0.03 
0.15 
0.03 
0.02 
0.05 
0.01 
0.01 - - - - - - 
Super 1.25 1.15 0.88 0.26 
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B.2 Carbon Dioxide Emission 
In this study, unlike other pollutants which emission was calculated from engine population 
model and emission factors, CO2 was estimated from combustion stoichiometry of fuel 
consumption and emission. 
Diesel engines 
The chemical formula for diesel fuel is ranging from C10H20 to C15H28 with the average formula 
of C12H23.  
From a combustion stoichiometry of diesel fuel: 
(4) C12H23 + (71) O2  (48) CO2 + (46) H2O + energy 
Four mol (167.3 g/mol) of diesel fuel produces 48 mol (44 g/mol) of CO2. Then, one kilogram of 
diesel fuel produces 3.16 kilogram of CO2. 
Gasoline engines 
The chemical formula for gasoline fuel is C8H18 (octane rating 100). 
From a combustion stoichiometry of gasoline fuel: 
 (2) C8H18 + (25) O2  (16) CO2 + (18) H2O + energy 
Two mol (114 g/mol) of diesel fuel produces 16 mol (44 g/mol) of CO2. Then, one kilogram of 
diesel fuel produces 3.09 kilogram of CO2. 
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APPENDIX C 
RELATIONSHIP BETWEEN ENGINE LIFETIME AND GDP  
This appendix includes information about the relationship between the ratio of on-road engine 
lifetime and engine lifetime in the U.S. with the ratio of GDP local per capita and GDP global 
per capita. The liner relationship is used to adjust available engine lifetime in the U.S. to engine 
lifetime in different regions.    
C.1 Engine Lifetime and GDP 
 
Figure C.1 Relationship between the ratio of engine lifetime and engine lifetime in the U.S. 
with the ratio of GDP local per capita and GDP global per capita. 
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APPENDIX D 
NONROAD EMISSION INVENTORY 
This appendix includes information of emission outputs from SPEW-Trend in the A1B, A2, B1, 
and B2 scenarios for nonroad engines. 
D.1 The A1B Scenario 
Table D.1 Emission inventory for nonroad engines from the A1B scenario 
Region Year PM BC OC CO CO2 NOx HC 
Africa 2010 78 34 23 1491 39355 587 269 
Africa 2015 88 38 26 1764 43344 642 313 
Africa 2020 100 43 29 2050 47763 704 356 
Africa 2025 111 48 32 2357 52538 770 402 
Africa 2030 123 53 36 2702 58176 848 456 
Africa 2035 138 60 40 3168 65763 951 526 
Africa 2040 147 63 42 3602 76899 1022 572 
Africa 2045 139 60 40 3998 88878 988 573 
Africa 2050 121 52 37 4118 97762 886 570 
E Asia 2010 246 106 76 6678 131201 1759 1057 
E Asia 2015 234 100 78 8349 149461 1650 1235 
E Asia 2020 200 84 73 9447 165159 1469 1255 
E Asia 2025 157 65 61 10794 181931 1171 1318 
E Asia 2030 129 51 55 11439 191161 893 1464 
E Asia 2035 110 40 52 11872 191639 689 1584 
E Asia 2040 96 32 49 12453 184273 554 1701 
E Asia 2045 84 26 46 12593 167729 457 1734 
E Asia 2050 73 22 42 11848 142708 381 1640 
Europe 2010 114 53 33 1077 74337 925 167 
Europe 2015 84 40 25 964 69702 706 132 
Europe 2020 57 27 17 820 67657 490 100 
Europe 2025 37 18 11 719 66607 342 77 
Europe 2030 25 12 8 667 66618 258 66 
Europe 2035 19 9 6 639 66729 221 61 
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Table D.1 (cont.)  
Region Year PM BC OC CO CO2 NOx HC 
Europe 2040 16 7 5 622 66342 209 59 
Europe 2045 14 6 5 609 65364 207 58 
Europe 2050 13 6 4 586 63584 204 56 
USSR 2010 121 58 36 1266 54546 881 222 
USSR 2015 101 47 28 1268 46119 727 223 
USSR 2020 95 43 26 1374 49267 708 235 
USSR 2025 80 36 22 1468 55089 624 222 
USSR 2030 64 29 19 1469 56776 521 205 
USSR 2035 50 23 16 1380 55791 423 194 
USSR 2040 39 18 13 1287 53171 347 184 
USSR 2045 30 14 10 1229 49606 286 176 
USSR 2050 23 10 8 1140 44802 228 163 
L America 2010 149 66 44 2698 74086 1110 475 
L America 2015 162 71 48 3299 79874 1167 553 
L America 2020 153 67 47 3749 82941 1091 576 
L America 2025 133 58 43 4018 85283 957 565 
L America 2030 107 47 36 3973 85825 793 533 
L America 2035 82 36 29 3715 83352 629 502 
L America 2040 64 27 24 3502 81683 485 483 
L America 2045 49 20 20 3378 81280 374 470 
L America 2050 38 15 16 3144 79482 301 439 
Middle East 2010 126 57 34 856 61057 962 188 
Middle East 2015 136 62 37 1011 65079 1021 214 
Middle East 2020 146 66 40 1206 68935 1078 244 
Middle East 2025 135 61 38 1282 71589 997 234 
Middle East 2030 112 52 33 1332 70425 842 204 
Middle East 2035 86 40 26 1251 65826 671 183 
Middle East 2040 63 30 20 1089 58742 506 157 
Middle East 2045 44 21 14 931 52020 374 133 
Middle East 2050 30 14 10 837 47915 278 117 
N America 2010 108 50 32 5742 141245 1276 464 
N America 2015 78 37 25 5611 149207 940 431 
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Table D.1 (cont.)  
Region Year PM BC OC CO CO2 NOx HC 
N America 2020 55 25 19 5696 159563 693 423 
N America 2025 41 18 16 5782 166223 541 421 
N America 2030 33 13 14 5712 167384 453 418 
N America 2035 30 12 13 5614 167720 407 418 
N America 2040 29 11 13 5574 167682 386 422 
N America 2045 29 11 13 5576 167501 382 428 
N America 2050 29 11 13 5428 164756 386 425 
Pacific 2010 61 27 18 2013 41284 508 211 
Pacific 2015 44 19 14 1886 38676 379 177 
Pacific 2020 33 15 11 1764 37570 281 151 
Pacific 2025 26 11 9 1594 36839 213 135 
Pacific 2030 19 8 7 1371 35905 160 122 
Pacific 2035 14 6 5 1264 34708 125 114 
Pacific 2040 11 5 4 1213 33801 104 110 
Pacific 2045 9 4 4 1160 32609 91 107 
Pacific 2050 8 3 3 1088 31030 84 102 
S Asia 2010 131 56 37 3470 64914 917 553 
S Asia 2015 132 56 40 4575 81175 990 658 
S Asia 2020 119 50 40 6013 105067 991 769 
S Asia 2025 98 40 38 8033 141904 800 959 
S Asia 2030 90 34 41 10221 182335 638 1297 
S Asia 2035 91 30 47 12610 216768 554 1670 
S Asia 2040 97 29 54 15408 243389 529 2086 
S Asia 2045 105 30 61 17971 255508 523 2446 
S Asia 2050 109 30 66 19822 251346 511 2701 
SE Asia 2010 139 59 42 3603 67507 965 626 
SE Asia 2015 154 65 47 4172 74198 1056 717 
SE Asia 2020 163 69 51 4630 82919 1122 768 
SE Asia 2025 147 63 47 5040 94561 1049 735 
SE Asia 2030 122 52 41 5282 104277 912 717 
SE Asia 2035 99 41 36 5263 110086 733 731 
SE Asia 2040 80 33 32 5236 113655 580 750 
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Table D.1 (cont.)  
Region Year PM BC OC CO CO2 NOx HC 
SE Asia 2045 66 26 28 5188 113192 477 758 
SE Asia 2050 55 21 25 5007 108574 407 740 
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D.2 The A2 Scenario 
Table D.2 Emission inventory for nonroad engines from the A2 scenario. 
Region Year PM BC OC CO CO2 NOx HC 
Africa 2010 78 34 23 1491 39355 587 269 
Africa 2015 85 37 25 1693 41651 618 301 
Africa 2020 95 41 28 1929 45089 666 336 
Africa 2025 102 44 30 2129 47705 702 366 
Africa 2030 105 46 31 2266 48971 719 386 
Africa 2035 106 46 32 2400 49774 727 405 
Africa 2040 102 44 30 2464 51505 700 399 
Africa 2045 90 39 27 2603 54174 634 383 
Africa 2050 77 33 25 2732 56745 552 390 
E Asia 2010 246 106 76 6679 131210 1759 1057 
E Asia 2015 225 97 75 7440 132570 1565 1126 
E Asia 2020 186 79 66 7431 130996 1323 1023 
E Asia 2025 142 61 52 7530 129074 1029 957 
E Asia 2030 109 46 43 6911 119340 766 912 
E Asia 2035 84 34 36 6292 109503 565 870 
E Asia 2040 65 25 29 5842 98401 424 834 
E Asia 2045 52 19 25 5517 88413 329 800 
E Asia 2050 42 14 22 5025 77906 269 738 
Europe 2010 114 53 33 1075 74296 924 167 
Europe 2015 82 39 25 950 69228 690 130 
Europe 2020 52 25 16 799 67380 454 95 
Europe 2025 33 15 10 700 65202 302 73 
Europe 2030 22 10 7 650 63608 224 62 
Europe 2035 17 8 5 624 61583 191 58 
Europe 2040 14 6 5 614 59718 173 55 
Europe 2045 12 5 4 606 57820 157 53 
Europe 2050 10 4 3 591 55840 146 52 
USSR 2010 121 58 36 1267 54569 882 222 
USSR 2015 96 46 27 1194 43445 688 209 
USSR 2020 84 39 23 1195 42397 616 205 
USSR 2025 67 31 19 1181 44838 517 183 
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Table D.2 (cont.) 
Region Year PM BC OC CO CO2 NOx HC 
USSR 2030 51 24 15 1113 43894 413 160 
USSR 2035 39 18 12 999 41973 330 145 
USSR 2040 31 14 10 915 39741 273 135 
USSR 2045 24 11 8 886 37302 232 131 
USSR 2050 19 9 7 868 34522 194 127 
L America 2010 149 66 44 2698 74086 1110 475 
L America 2015 164 72 49 3307 81781 1194 557 
L America 2020 157 69 48 3778 88049 1145 586 
L America 2025 138 61 44 3991 92202 1020 569 
L America 2030 113 50 38 3877 94147 860 529 
L America 2035 89 39 31 3684 94737 706 506 
L America 2040 71 31 27 3666 95942 569 514 
L America 2045 57 24 23 3742 96771 459 527 
L America 2050 46 19 20 3816 96632 383 537 
Middle East 2010 126 57 34 855 61055 961 188 
Middle East 2015 136 61 37 1008 65056 1021 213 
Middle East 2020 146 66 40 1203 69266 1083 244 
Middle East 2025 135 62 38 1271 72635 1008 234 
Middle East 2030 114 53 33 1337 73807 864 206 
Middle East 2035 89 41 27 1296 70692 697 190 
Middle East 2040 66 31 21 1240 66083 537 177 
Middle East 2045 48 23 16 1207 60292 408 170 
Middle East 2050 34 16 12 1193 54391 311 165 
N America 2010 108 50 32 5727 141245 1273 462 
N America 2015 74 35 24 5413 146635 905 419 
N America 2020 48 22 17 5361 156795 623 403 
N America 2025 33 14 14 5291 161994 445 393 
N America 2030 26 10 11 5005 159492 344 375 
N America 2035 23 8 11 4878 157995 296 368 
N America 2040 22 8 10 4845 156240 277 366 
N America 2045 22 8 10 4913 156327 272 372 
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Table D.2 (cont.) 
Region Year PM BC OC CO CO2 NOx HC 
N America 2050 22 8 11 5044 156596 275 382 
Pacific 2010 60 26 18 2004 41210 505 210 
Pacific 2015 40 18 13 1794 37644 349 167 
Pacific 2020 29 12 10 1668 36280 245 138 
Pacific 2025 21 9 7 1427 34674 177 117 
Pacific 2030 15 7 6 1222 33474 128 104 
Pacific 2035 11 5 4 1170 32405 95 99 
Pacific 2040 8 3 3 1117 30975 74 95 
Pacific 2045 7 2 3 1071 29527 63 93 
Pacific 2050 6 2 3 1017 27727 58 90 
S Asia 2010 131 56 37 3470 64915 917 553 
S Asia 2015 126 53 37 3949 69737 894 572 
S Asia 2020 106 45 35 4645 80542 819 600 
S Asia 2025 82 34 30 5579 94192 630 671 
S Asia 2030 67 27 28 6068 100135 475 765 
S Asia 2035 58 21 28 6617 104588 373 873 
S Asia 2040 55 18 29 7564 110111 311 1027 
S Asia 2045 56 17 31 8926 114284 275 1221 
S Asia 2050 58 16 35 10429 115005 252 1430 
SE Asia 2010 139 59 42 3604 67507 965 626 
SE Asia 2015 144 61 44 3864 68299 975 667 
SE Asia 2020 140 60 44 3898 69494 954 655 
SE Asia 2025 121 52 40 3831 72543 848 581 
SE Asia 2030 98 42 33 3799 75712 718 540 
SE Asia 2035 79 34 29 3735 78362 576 541 
SE Asia 2040 64 27 25 3727 81176 463 556 
SE Asia 2045 53 21 23 3840 83964 386 582 
SE Asia 2050 46 17 21 3955 84733 335 604 
 
 
 
 
 
  
221 
D.3 The B1 Scenario 
Table D.3 Emission inventory for nonroad engines from the B1 scenario. 
Region Year PM BC OC CO CO2 NOx HC 
Africa 2010 78 34 23 39355 1491 587 269 
Africa 2015 88 38 26 43293 1754 641 312 
Africa 2020 98 43 29 46856 2001 692 349 
Africa 2025 107 47 32 50602 2252 744 386 
Africa 2030 116 50 34 54449 2523 796 427 
Africa 2035 123 53 36 58083 2811 843 469 
Africa 2040 120 52 35 61756 2941 830 470 
Africa 2045 105 46 32 64482 3030 742 438 
Africa 2050 86 37 27 64393 2910 616 407 
E Asia 2010 246 106 76 131206 6679 1759 1057 
E Asia 2015 234 100 78 149211 8358 1649 1238 
E Asia 2020 200 84 72 162909 9428 1465 1247 
E Asia 2025 156 65 60 169551 10416 1164 1269 
E Asia 2030 125 50 53 166393 10425 877 1331 
E Asia 2035 102 39 46 155063 10107 656 1348 
E Asia 2040 83 30 41 140289 9887 501 1356 
E Asia 2045 69 23 37 123122 9578 387 1328 
E Asia 2050 57 17 32 102235 8713 303 1216 
Europe 2010 114 53 33 74312 1076 924 167 
Europe 2015 83 39 25 67462 936 691 129 
Europe 2020 54 26 16 61766 765 463 94 
Europe 2025 34 16 10 58737 644 312 70 
Europe 2030 23 11 7 56378 575 228 59 
Europe 2035 17 8 5 54383 534 190 52 
Europe 2040 14 6 4 52722 509 175 49 
Europe 2045 12 5 4 51670 489 168 47 
Europe 2050 11 5 3 50370 463 161 46 
USSR 2010 121 58 36 54560 1267 882 222 
USSR 2015 94 44 27 41795 1154 663 202 
USSR 2020 78 36 22 38690 1094 566 188 
USSR 2025 60 28 17 39376 1029 458 161 
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Table D.3 (cont.) 
Region Year PM BC OC CO CO2 NOx HC 
USSR 2030 44 20 13 38646 961 360 139 
USSR 2035 33 15 10 37182 874 284 127 
USSR 2040 26 12 8 34728 799 235 118 
USSR 2045 20 10 7 31310 737 199 109 
USSR 2050 15 7 5 27317 665 163 98 
L America 2010 149 66 44 74086 2698 1110 475 
L America 2015 159 70 47 78018 3214 1142 540 
L America 2020 147 64 45 78850 3526 1048 545 
L America 2025 125 55 40 77824 3603 896 512 
L America 2030 98 43 33 75783 3512 726 475 
L America 2035 74 33 26 71208 3241 559 440 
L America 2040 56 24 21 67223 2998 421 415 
L America 2045 42 18 17 64186 2807 315 392 
L America 2050 32 13 14 60737 2574 245 361 
Middle East 2010 126 57 34 61055 855 961 188 
Middle East 2015 135 61 37 64537 1003 1013 212 
Middle East 2020 143 65 39 67594 1179 1057 239 
Middle East 2025 132 60 37 70151 1243 974 228 
Middle East 2030 109 50 32 68880 1292 819 198 
Middle East 2035 83 39 25 63945 1198 648 175 
Middle East 2040 60 28 19 56860 1028 485 149 
Middle East 2045 41 20 13 49247 835 355 120 
Middle East 2050 28 13 9 43891 671 261 94 
N America 2010 108 50 32 141245 5736 1275 463 
N America 2015 76 36 24 143168 5476 920 420 
N America 2020 52 24 18 147594 5395 659 401 
N America 2025 37 16 14 147263 5248 493 385 
N America 2030 29 12 12 141534 5028 394 368 
N America 2035 25 10 11 136226 4843 340 358 
N America 2040 23 9 10 131367 4690 310 352 
N America 2045 23 8 10 124564 4469 294 341 
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Table D.3 (cont.) 
Region Year PM BC OC CO CO2 NOx HC 
N America 2050 22 8 10 116217 4136 286 325 
Pacific 2010 60 26 18 41264 2010 507 210 
Pacific 2015 43 19 14 37274 1811 367 171 
Pacific 2020 31 14 10 34859 1616 264 141 
Pacific 2025 24 10 8 32471 1391 194 121 
Pacific 2030 17 8 6 30509 1168 143 107 
Pacific 2035 13 5 5 28538 1060 109 98 
Pacific 2040 9 4 4 26526 984 87 92 
Pacific 2045 7 3 3 24698 911 74 87 
Pacific 2050 6 2 3 22675 825 66 81 
S Asia 2010 131 56 37 64914 3470 917 553 
S Asia 2015 131 55 39 78331 4416 966 636 
S Asia 2020 114 48 38 94365 5430 924 696 
S Asia 2025 90 37 34 116202 6823 725 817 
S Asia 2030 79 30 35 137278 8168 558 1036 
S Asia 2035 73 25 36 149461 9362 455 1239 
S Asia 2040 71 23 39 155206 10619 398 1439 
S Asia 2045 71 21 40 151875 11668 357 1591 
S Asia 2050 67 19 40 137936 11943 317 1632 
SE Asia 2010 139 59 42 67507 3604 965 626 
SE Asia 2015 149 63 46 71559 4041 1019 694 
SE Asia 2020 152 65 47 76024 4256 1036 708 
SE Asia 2025 133 57 43 81647 4404 934 652 
SE Asia 2030 107 46 37 85077 4449 787 613 
SE Asia 2035 85 36 31 86230 4312 623 607 
SE Asia 2040 68 28 27 85260 4142 488 601 
SE Asia 2045 55 22 23 83119 4032 394 596 
SE Asia 2050 45 17 20 78906 3853 328 578 
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D.4 The B2 Scenario 
Table D.4 Emission inventory for nonroad engines from the B2 scenario. 
Region Year PM BC OC CO CO2 NOx HC 
Africa 2010 78 34 23 39356 1491 587 269 
Africa 2015 85 37 25 41516 1686 616 300 
Africa 2020 93 40 28 44152 1881 653 329 
Africa 2025 98 43 29 45946 2025 678 350 
Africa 2030 100 44 30 46455 2097 685 360 
Africa 2035 101 44 30 47047 2159 692 370 
Africa 2040 96 42 28 47628 2086 661 347 
Africa 2045 82 36 25 47690 1966 579 300 
Africa 2050 66 29 20 47217 1799 480 265 
E Asia 2010 246 106 76 131201 6678 1759 1057 
E Asia 2015 230 98 76 142416 7922 1613 1184 
E Asia 2020 193 82 69 152049 8388 1406 1135 
E Asia 2025 151 63 58 167841 9505 1113 1180 
E Asia 2030 122 49 52 178442 10058 848 1304 
E Asia 2035 103 39 48 180765 10631 657 1429 
E Asia 2040 90 31 45 174932 11184 532 1537 
E Asia 2045 77 25 41 155428 10794 440 1496 
E Asia 2050 64 20 36 129498 9744 368 1358 
Europe 2010 114 53 33 74335 1076 925 167 
Europe 2015 83 39 25 67944 935 696 130 
Europe 2020 55 26 16 63714 773 472 96 
Europe 2025 35 17 11 60546 661 322 73 
Europe 2030 24 11 7 58402 591 237 61 
Europe 2035 17 8 5 56073 544 195 54 
Europe 2040 14 6 4 54313 509 177 50 
Europe 2045 12 5 4 52243 474 165 46 
Europe 2050 10 5 3 49174 440 153 43 
USSR 2010 121 58 36 54569 1267 882 222 
USSR 2015 97 46 27 43576 1197 690 210 
USSR 2020 84 39 23 42364 1195 615 205 
USSR 2025 67 31 19 44137 1167 512 180 
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Table D.4 (cont.) 
Region Year PM BC OC CO CO2 NOx HC 
USSR 2030 51 23 15 42633 1081 406 155 
USSR 2035 38 18 12 40262 953 320 138 
USSR 2040 29 14 9 37958 852 262 126 
USSR 2045 23 11 7 35209 800 218 118 
USSR 2050 17 8 6 32710 766 177 112 
L America 2010 149 66 44 74086 2698 1110 475 
L America 2015 159 70 47 78271 3170 1147 534 
L America 2020 149 65 46 80980 3452 1071 539 
L America 2025 128 56 41 80677 3442 930 498 
L America 2030 102 46 34 78025 3148 767 436 
L America 2035 79 35 27 74019 2755 615 385 
L America 2040 60 27 21 70202 2427 484 345 
L America 2045 46 20 17 66537 2191 379 314 
L America 2050 35 15 14 64095 2058 304 295 
Middle East 2010 126 57 34 61056 856 961 188 
Middle East 2015 132 60 36 63060 974 991 206 
Middle East 2020 136 62 38 63878 1101 1002 224 
Middle East 2025 123 56 35 63581 1107 904 206 
Middle East 2030 101 47 30 61647 1103 757 174 
Middle East 2035 78 37 24 57492 1017 603 153 
Middle East 2040 58 27 18 52466 911 460 134 
Middle East 2045 41 20 13 47606 815 346 117 
Middle East 2050 29 14 9 43919 743 262 104 
N America 2010 108 50 32 141245 5735 1275 463 
N America 2015 76 36 24 147070 5407 926 422 
N America 2020 52 24 18 156332 5335 666 405 
N America 2025 37 16 14 156998 5043 499 382 
N America 2030 29 11 12 149809 4547 396 351 
N America 2035 24 9 10 140485 4132 333 324 
N America 2040 22 8 9 132163 3805 295 303 
N America 2045 20 8 9 125262 3557 273 288 
 
  
226 
 
 
Table D.4 (cont.) 
Region Year PM BC OC CO CO2 NOx HC 
N America 2050 20 7 8 120078 3407 260 279 
Pacific 2010 60 26 18 41265 2010 507 210 
Pacific 2015 42 18 13 37226 1799 358 169 
Pacific 2020 30 13 10 35161 1637 255 139 
Pacific 2025 22 10 8 33425 1416 186 119 
Pacific 2030 16 7 6 31703 1170 136 104 
Pacific 2035 12 5 5 30106 1068 103 95 
Pacific 2040 9 4 4 28467 984 82 90 
Pacific 2045 7 3 3 26519 885 69 84 
Pacific 2050 6 2 3 24568 794 63 78 
S Asia 2010 131 56 37 64914 3470 917 553 
S Asia 2015 131 55 39 79131 4449 973 642 
S Asia 2020 119 49 40 105242 5948 984 762 
S Asia 2025 97 40 37 136662 7790 792 932 
S Asia 2030 85 32 37 158403 8990 618 1132 
S Asia 2035 78 27 38 173183 9901 511 1304 
S Asia 2040 74 24 39 176397 10508 450 1422 
S Asia 2045 70 21 39 168548 10913 406 1488 
S Asia 2050 68 20 39 154650 11416 364 1560 
SE Asia 2010 139 59 42 67507 3603 965 626 
SE Asia 2015 149 63 46 71346 4022 1017 693 
SE Asia 2020 152 65 48 76886 4266 1047 714 
SE Asia 2025 135 58 44 84889 4379 959 656 
SE Asia 2030 110 47 37 89980 4370 820 612 
SE Asia 2035 88 37 32 93618 4252 657 610 
SE Asia 2040 70 29 27 93009 4050 522 596 
SE Asia 2045 57 23 24 90973 3881 428 582 
SE Asia 2050 46 18 20 87210 3710 361 563 
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APPENDIX E 
RESIDENTIAL EMISSION 
This appendix includes information about emission of CO, CO2, NOx, BC, OC, CH4, and 
NMHC which have similar pattern as PM which is discussed in Chapter 5. 
E.1 Baseline Emission Patterns 
 
Figure E.1 Emission and per-capita emission attribution in the residential sector for CO 
and CO2. Upper charts show total emissions, with the divisions within each bar 
representing the contribution of each land type. Lower charts show per-capita emission; 
bars show average per-capita emission, and symbols show variation among land types. 
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Figure E.2 Emission and per-capita emission attribution in the residential sector for BC 
and OC. Upper charts show total emissions, with the divisions within each bar representing 
the contribution of each land type. Lower charts show per-capita emission; bars show 
average per-capita emission, and symbols show variation among land types.  
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Figure E.3 Emission and per-capita emission attribution in the residential sector for CH4 
and NMHC. Upper charts show total emissions, with the divisions within each bar 
representing the contribution of each land type. Lower charts show per-capita emission; 
bars show average per-capita emission, and symbols show variation among land types.  
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E.2 Comparison of Spatial Distribution of Emission 
 
Figure E.4 Emission comparison between the distribution method described in this paper 
and the urban/rural distribution method for CO and CO2. Colored, filled symbols indicate 
land-type; surrounding unfilled symbols indicate geographic region. Note the log scale on 
both x and y axes. The inset plots show emission comparison in five land types for the 
global total. The dotted line indicates equality (1:1) while the solid lines indicate differences 
of a factor of two in either direction. 
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Figure E.5 Emission comparison between the distribution method described in this paper 
and the urban/rural distribution method for BC and OC. Colored, filled symbols indicate 
land-type; surrounding unfilled symbols indicate geographic region. Note the log scale on 
both x and y axes. The inset plots show emission comparison in five land types for the 
global total. The dotted line indicates equality (1:1) while the solid lines indicate differences 
of a factor of two in either direction. 
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Figure E.6 Emission comparison between the distribution method described in this paper 
and the urban/rural distribution method for CH4 and NMHC. Colored, filled symbols 
indicate land-type; surrounding unfilled symbols indicate geographic region. Note the log 
scale on both x and y axes. The inset plots show emission comparison in five land types for 
the global total. The dotted line indicates equality (1:1) while the solid lines indicate 
differences of a factor of two in either direction. 
 
 
 
 
  
  
233 
E.3 Spatial Distribution of Pollutant Emission in year 2010 
 
 
Figure E.7 Spatial distribution (in 0.04x0.04 degree gridded cell) of CO emissions. 
Emissions are plotted on a log scale.  
 
Figure E.8 Spatial distribution (in 0.04x0.04 degree gridded cell) of CO2 emissions. 
Emissions are plotted on a log scale.  
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Figure E.9 Spatial distribution (in 0.04x0.04 degree gridded cell) of NOx emissions. 
Emissions are plotted on a log scale.  
 
Figure E.10 Spatial distribution (in 0.04x0.04 degree gridded cell) of BC emissions. 
Emissions are plotted on a log scale.  
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Figure E.11 Spatial distribution (in 0.04x0.04 degree gridded cell) of OC emissions. 
Emissions are plotted on a log scale.  
 
Figure E.12 Spatial distribution (in 0.04x0.04 degree gridded cell) of CH4 emissions. 
Emissions are plotted on a log scale.  
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Figure E.13 Spatial distribution (in 0.04x0.04 degree gridded cell) of NMHC emissions. 
Emissions are plotted on a log scale.  
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E.4 Global Emission Reduction from Mitigation Scenarios 
 
Figure E.14 BC emission reductions in the entire study region for fuel-switching and 
cleanest stove scenarios. Each figure shows cumulative emissions over five land types. Right 
panels show the total percent of baseline emissions for eight pollutants. 
 
Figure E.15 OC emission reductions in the entire study region for fuel-switching and 
cleanest stove scenarios. Each figure shows cumulative emissions over five land types. Right 
panels show the total percent of baseline emissions for eight pollutants. 
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Figure E.16 CO emission reductions in the entire study region for fuel-switching and 
cleanest stove scenarios (top) and stove standard scenarios (bottom). Each figure shows 
cumulative emissions over five land types; that is, the level of emissions shown for each 
land type is equal to emissions in that land type plus all land types to the left. Right panels 
show the total percent of baseline emissions for eight pollutants (top) and for the four 
pollutants affected by stove standard scenarios (bottom). 
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Figure E.17 CO2 emission reductions in the entire study region for fuel-switching and 
cleanest stove scenarios (top) and stove standard scenarios (bottom). Each figure shows 
cumulative emissions over five land types; that is, the level of emissions shown for each 
land type is equal to emissions in that land type plus all land types to the left. Right panels 
show the total percent of baseline emissions for eight pollutants (top) and for the four 
pollutants affected by stove standard scenarios (bottom). 
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Figure E.18 CH4 emission reductions in the entire study region for fuel-switching and 
cleanest stove scenarios. Each figure shows cumulative emissions over five land types. Right 
panels show the total percent of baseline emissions for eight pollutants. 
 
Figure E.19 NMHC emission reductions in the entire study region for fuel-switching and 
cleanest stove scenarios. Each figure shows cumulative emissions over five land types. Right 
panels show the total percent of baseline emissions for eight pollutants. 
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E.5 Regional Emission Reduction from Mitigation Scenarios 
 
Figure E.20 Top: Baseline emissions of BC and OC in each land type. Bottom: Reductions 
of BC (filled symbols) and OC (open symbols) for each region under two scenarios: fuel-
switching (Fuel) and cleanest current stove (Stove). 
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Figure E.21 Top: Baseline emissions of NOx and CO in each land type. Bottom: Reductions 
of NOx (filled symbols) and CO (open symbols) for each region under four scenarios: fuel-
switching (Fuel), cleanest current stove (Stove), and Tier 2 and Tier 4 stove standards. 
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Figure E.22 Top: Baseline emissions of CH4 and NMHC in each land type. Bottom: 
Reductions of CH4 (filled symbols) and NMHC (open symbols) for each region under two 
scenarios: fuel-switching (Fuel) and cleanest current stove (Stove). 
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E.6 National Emission Reductions 
 
Figure E.23 BC emission reductions in each country. Pie charts indicate fraction of 
remaining emission from different fuel types in each region.  
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Figure E.24 OC emission reductions in each country. Pie charts indicate fraction of 
remaining emission from different fuel types in each region.  
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Figure E.25 CO emission reductions in each country. Pie charts indicate fraction of 
remaining emission from different fuel types in each region.  
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Figure E.26 CO2 emission reductions in each country. Pie charts indicate fraction of 
remaining emission from different fuel types in each region.  
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Figure E.27 CH4 emission reductions in each country. Pie charts indicate fraction of 
remaining emission from different fuel types in each region.  
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Figure E.28 NMHC emission reductions in each country. Pie charts indicate fraction of 
remaining emission from different fuel types in each region.  
 
 
